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ABSTRACT 
A sample of 24 globular clusters was studied photoelectrically 
for radial variations of the surface UBV colors . For 8 of them, the 
colors decrease from the centre outwards, by about 0.1 mag in B-V and 
0.2 mag in U-B. The colors of the remaining 16 are radially uniform 
within a few hundredths of a magnitude. The existence of color 
gradients does not appear to depend on absolute magnitude, integrated 
spectral type or HB morphology, but does depend markedly on the 
cluster 's central relaxation time TR Clusters with TR ~ 108y show 
color gradients while those with T S 108y do not. This strongly R 
suggests that these gradients are not due to mass segregation through 
encounters but rather to processes that occurred early in the cluster's 
life. For example , the color gradients could reflect a radial gradient 
of the inhomogeneity set up at the time of the cluster's formation: 
for clusters wi t h short TR there has been enough time for these gradients 
to diffuse away. 
47 Tuc which shows the color gradients was studied photographically 
to check out any radial changes in the luminosity function which drive 
these color gradients. The result shows that this cluster has an excess 
of the brightest giants per unit V luminosity towards the centre (this 
phenomenon was also found in w Cen by Craft and Freeman). The excess 
could result from a radial gradient of metal abundance or possibly 
of stellar angular momentum. 
The masses of some globular clusters in the Magellanic Clouds 
were calculated using photoelectric observations and star counts. The 
surface brightness of the young and old clusters gives a good fit to 
·45K1ng's (1966~) dynamical models and their masses are - 10 - 2 .10 M . 
o 
However the mass to light ratio M/L is 0.2 - 0.9 for old clusters, 
V 
while 0.08 for young clusters. These results showed us that the 
clusters in the Magellanic Clouds have similar dynamical structure 
to the globular clusters in the Galaxy , even though s ome of them 
are ve ry muc h younger (younger even than the ir relaxation times) . 
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CHAPTER I 
INTRODUCTION 
1.1 INTRODUCTION 
Elliptical galaxies and the spheroidal components of spiral 
galaxies often show radial gradients of colors and absorption line 
strengths in their central region. These gradients are usually 
interpreted as gradients of metal abundance, which in turn are 
presumably associated with metal formation processes early in the 
galaxy ' s life . However, because it is not possible to observe 
individual stars in these galaxies, the interpretation of the 
obse rved gradients is not straightforward. For example, it is not 
easy to disentangle the effects, on the integrated light, of (i) 
line blanketing, (ii) changes in the morphology of the color-magnitude 
diagram, (iii) changes in the stellar luminosity function, all three 
of which could be produced by changes in abundance. 
On the other hand globular clusters, which are probably the 
oldest objects in the Galaxy, are usually believed to be chemically 
homogeneous, with abundances that reflect those of the gas from 
which they formed. However this brief may be wrong. The radial 
color variation in 47 Tuc, discovered by Gascoigne and Burr (1956), 
and the difference in the radial distribution of RR Lyraes and 
horizontal-branch stars in several clusters (Oort and van Herk, 1959; 
Woolley and Dickens 1967; Woolf 1964), already suggest the presence 
of some largescale inhomogeneities within individual globular clusters 
The ma i n purpose of this thesis is to study the radial col or 
distributions in globular clusters. We devote most of the thesis 
to demonstrate the existence in several c lusters of color gradients 
I 
comparable with those observed in elliptical galaxies, and then to 
understand how these color gradients are produced . The interpretation 
of these gradients in globular clusters is more straightforward than 
in galaxies; at least for the nearby clusters, we can observe 
individual stars at the bright end of the luminosity function. 
In this introductory chapter we review some relevant properties 
of globular clusters and elliptical galaxies. In §1 . 2 we consider the 
dynamical properties of globular clusters, and in §1.3 we discuss 
the evidence for inhomogeneities in these systems. This is followed 
in §1.4 by a comparison of these properties with those observed in 
elliptical galaxies. Finally in §1.5 we outline the plan of attack 
in the following chapters. 
1.2 DYNAMICAL PROPERTIES OF GLOBULAR CLUSTERS 
The dynamical structure of globular clusters is determined by 
two processes, one internal to the cluster, the other external: 
(i) dynamical relaxation, through encounters, and (ii) the tidal 
field of the Galaxy. 
In globular clusters, stellar encounters are important. Their 
relaxation times (see below) are in the range 107 to 109 years, which 
is less than their lifetime ( _ lOlOy). Their characteristic dynamical 
times (the time for a star to cross a cluster) are typically 106 years 
(King 1967). They are, therefore, relaxed and dynamically well-mixed. 
This means that a cluster is close to a steady state, in which its 
distribution function tends towards a Maxwellian. However the 
2 
Maxwellian is not a realistic distribution function for globular clusters 
because (i) it corresponds to the isothermal sphere which has infinite 
radius and mass, (ii) it has high energy stars which, because of the 
galactic tidal field, are not bound to the cluster. 
King (1966a) made a one-parameter s e que nce of stationary 
selfconsistent models for spherical globular clusters . The models 
come from the steady state solution of the Fokker-Planck equation , 
and their distribution function (i.e. the phase density) is 
f(E) 
f(E) 
A (e 
o 
- BE - BE 
- e 0) for E < E 
for E > EO 
o 
Here E is the maximum energy corresponding to the tidal cut off, 
o 
A and B are constants, and the energy E = i v 2 + IP (r), where v is the 
stellar velocity and IP is the cluster potential. In these models, 
all stars have the same mass, and the velocity distribution is clearly 
isotropic. The models have two lengthscales. One is the tidal radius 
r associated with the cut off energy E: the volume density p (r) of 
t 0 
3 
stars vanishes at r = r
t
. The other is the core radius r 
c 
~ 
= [9/ (471Gp B) ] , 
o 
whe r e Po is the cluster's central density. These two lengthscales 
give a single dimensionless parameter, c = log (r /r ), which is a 
t c 
measure of the central concentration of these models. 
The surface density profiles derived from these models are in 
excellent fit to the observed radial surface brightness and star count 
distributions in globular clusters, and also to the surface brightness 
distributions in elliptical galaxies (King 1 9 66~). 
Using these models to derive the core radius r and the 
c 
central surface brightness for 70 globular clusters, Peterson and 
King (1975) estimated the central relaxation time TR at the centres 
of these clusters . This central relaxation time is taken as the 
reference time of Spitzer and HMrm (1958). 
2 2 3 1 -1 [ 271G m (m/po)j In (~)] 
where m is the individual stellar mass (taken as 0.5M ), j is defined 
o 
9, and n is the total number of stars in the cluster. 
4 
1 ' t' tl from 9 x 106y to 7 x 109y , These re axat~on ~mes vary grea y, 
from cluster to cluster. This large spread is important for the 
argument in Chapter 5. 
Because the relaxation times are shorter than the cluster 
lifetimes, we can expect that the tendency towards equipartition of 
energy will produce a segregation of stars by mass: the most massive 
stars are more central ly concentrated than the lighter ones. This is 
seen clearly in the dynamical model for M3, by Da Costa and Freeman 
(1976) . 
1.3 EVIDENCE FOR INHOMOGENEITIES WITHIN INDIVIDUAL GLOBULAR CLUSTERS 
Although globular clusters are usually believed to be 
homogeneous aggregates of metal weak stars (apart from the mass 
segregation mentioned in the previous paragraph), there is now some 
evidence that some clusters are not homogeneous. First we describe 
evidence relating to the largescale structure of clusters, and then 
observations of chemical abundance variations from star to star in 
individual clusters . 
The integrated colors of globular clusters measured by Stebbins 
(1950) showed that the inner regions are redder in some systems by up 
to 0.17 mag in V-I. Gascoigne and Burr's (1956) surface photometry 
of 47 Tuc showed a similar effect, of amplitude 0.17 mag in P-V. 
There is also evidence for radial color changes in some clusters, 
from the photoelectric photometry by King (1966£) and Illingworth (1973). 
The radial star count distributions for RR Lyrae variables 
in some clusters show a sma ller central concentration than for the 
giant stars (M3, M5, Ml5 and w Cen , by Oort and van Herk 1959; 
w Cen by Woolley and Dickens 1967). Woolf (1964) demonstrated that 
the blue and yellow horizontal branch stars in M3 appear to have 
different radial distributions. These largescale radial inhomogeneities 
have usually been interpreted dynamically, in terms of mass segregation: 
for example , Woolf (1964) suggested that the effects observed by him 
and by Oort and van Herk could result from mass loss between the red 
giant tip and the horizontal branch, and the consequent segregation 
by mass through encounters. However we will see later in this thesis 
(Chapter 5) that dynamical mass segregation is unlikely to contribute 
significantly to the radial color gradients observed in the course of 
this thesis work and by the authors mentioned above. 
5 
There is some direct evidence now for differences of photospheric 
chemical abundances for stars in individual clusters. Glass and Feast 
(1973) found that the TiO bands for some giants in 47 Tuc and w Cen 
are as strong as in population 1 giants . Freeman and Rodgers (1975) 
found a spread of about 0.6 in [Ca/H] for 25 RR Lyrae stars in w Cen. 
This was interpreted as reflecting a range of abundance left over at 
the end of the star formation epoch in this cluster. There is no clear 
evidence, at this stage, that this apparent abundance spread is 
associated with the radial inhomogeneities described earlier in this 
section. 
Photoelectric DDD filter studies of giants in NGC 362 (McClure 
and Norris 1974) and w Cen (Norris and Bessell 1975 ), and spectroscopic 
studies of w Cen giants by Dickens and Bell (1975, 1976) showed a 
significant enhancement in the abundance of some elements, notably 
C, N and possibly the S-process elements Sa and Sr. These latter 
enhancements must surely result from the mixing to the surface of 
materials which have undergone nuclear processing in the interior of 
these stars. While the cause of such mixing (presumably during the 
post red giant tip evolution) is not really understood, it could be 
related to the possible presence of rotating cores in these objects 
(Demarque and Zinn 1975). It is even possible that the apparent spread 
in rCa/H) for the RR Lyraes in W Cen is the result of different amounts 
of mixing; although Ca itself is not produced during the evolution 
of low mass stars, it is conceivable that the mixing of He into the 
photosphere could cause an apparent increase in the observed Call K-line 
equivalent width. The picture is further confused by the following 
observations (i) giants on the red side of the wide giant branch in 
w Cen possess strongly enhanced features of CN (Norris and Bessell 1975, 
Dickens and Bell 1976), which are most likely the result of mixing, 
(ii) giants on the red and blue sides of this giant branch have 
significantly different radial distributions (Freeman and Craft, 
unpublished) . 
In summary: there is clear evidence for radial inhomogeneities 
in some clusters, although it is not clear whether these are chemical 
in origin. It seems possible to set up a gradient in chemical 
abundance at the time of formation of the cluster, in a similar way 
to that proposed for elliptical galaxies (cf. Larson 1974, 1975). 
Alternatively Schmidt and van den Bergh (1974) suggested that 
radiation pressure, acting selectively on grains in the formation stages 
of globular clusters, could also lead to abundance inhomogeneities. 
But there is no unambiguous evidence yet that the observed chemical 
inhomogeneities are really the result of inhomogeneities set up at the 
time of the cluster's formation, rather than by internal mixing in the 
stars themselves. 
1.4 COMPARISON OF GLOBULAR CLUSTERS AND ELLIPTICAL GALAXIES 
Because this thesis work is motivated partly by the radial 
population changes in elliptical galaxies, we should review briefly 
6 
the relevant properties of elliptical galaxies. 
Elliptical galaxies have integrated magnitudes from about 
Me = -22 down to an indefinite lower limit which probably overlaps 
the brightest of the globular clusters (MB ;:: -10). Like globular 
clusters they contain no detectable neutral hydrogen (Roberts 1972; 
Knapp and Kerr 1974), although some ellipticals have small emission 
nuclei (Burbidge and Burbidge 1965; Morgan and Osterbrock 1969; 
Hurnason et al. 1956). Unlike globular clusters, their apparent 
axial ratios cover the range 1.0 to about 0.3 (for clusters the range 
is 1.0 to about 0.8; Shapley 1930). Ellipticals with an intrinsic 
axial ratio near unity are rare (Sandage, Freeman and Stokes 1970). 
Surface photometry of ellipticals shows that their luminosity 
profiles are well-fitted by globular cluster models with log (r /r ) 
t c 
;:: 2.2, at least for the normal (i.e. non-dwarf and non-cluster giant) 
ellipticals (King 1966~, 1975). The central volume densities of 
ellipticals and the most concentrated globular clusters are also 
comparable. For example, Table 1.1 shows the assumed M/L ratio, 
the central surface density £ , 
o 
core radius r , 
c 
and the central 
volume density derived from the relation p = £ /2r (Peterson and 
o 0 c 
King 1975) for the clusters NGC 104 and NGC 6388, and the elliptical 
galaxy NGC 3379. Even when allowance is made for the fact that 
seeing reduces the apparent central surface brightness of NGC 3379 
(because the core radius r is only about 3 arc sec), it is still 
c 
clear that the central surface densities of the clusters and the 
galaxy are of the same order. 
The integrated colors of E galaxies depend on their absolute 
magnitudes (Baum 1959, de Vaucouleurs 1960, Hodge 1963, Webb 1964, 
Rood 1969, Tifft 1969, Faber 1973 , Sandage 1972). The brightest 
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TABLE 1.1 
COMPARISON BETWEEN GLOBULAR CLUSTERS AND ELLIPTICAL GALAXY 
(MIL) -2 r (pc) -3 £ (m pc ) p (m pc ) 
o 0 o 0 
NGC 
0 c 
1.2 104 0.70 5 . 0 2 x 10 
4 
104 
6388 
3379 
1.7 
( 2) 7.0 2 x 
(2) 17. 50 x 
(1) (1) 
10~ (3) 0.59 (2) 14.80 x 10 4 
3.0 (M 10.00 x 10 (3) 109 ( 2) 460 
(1) Peterson and King 1975; 
(2) Ill i ngworth 1973; 
(3) The central surface density £ (B) = 5. 58 mag min- 2 for 
NGC 6388 by Illingworth (1973), £ (B) = 7.36 mag min- 2 
for NGC 3379 by Burkhead and Kalinowski (1974); 
(4) Wilson 1975. 
(1) 
(3) 
(3) 
ellipticals have (U-B, B-V) = (0.6, 1.0) and these colors decrease 
with decreasing brightness, with ellipticals at ~ = -14 having 
globular-cluster-like colors = (0.1, 0.6). The Draco and Sculptor 
dwarf ellipticals appear to have globular-cluster-like color 
magnitude d i agrams, and for Draco the bright end of the luminosity 
fun c tion i s s i milar to that of M3 (Baade and Swope 1961, Hodge 1965). 
It s e ems then that the stellar content of ellipticals depends 
on absolute magnitude, and this is usually interpreted as a 
dependence of the mean metal abundance on absolute magnitude 
(Lasker 1970, Faber 1972, Wood 1966), with the brightest ellipticals 
having roughly solar abundances and the fainter ones globular 
cluster abundances. However superposed on this general progression 
of a p parent abundances with ~ is an apparent radial dependence of 
abundance wi thin individual E galaxies, at least for the brighter 
syste ms. 
For many E and SO galaxies, the U-B, B-V colors are redder 
in the inne r r e gions (Tifft 1961, 1963~, Hodge 1963 , de Vaucouleurs 
1960 , Mi l l e r a n d Prende r g a s t 1962 , Sandage et al. 1969, Spinrad et al. 
19 71, Burkhe ad and Kalinowski 1974, Strom e t al. 1976) and the violet 
8 
9 
CN absorption features stronger (McClure and van den Bergh 1968, 
McClure 1969, Spinrad et al. 1971, Spinrad, Smith and Taylor 1972) 
than in the outer parts. The amplitudes of the color changes are 
typically about 0.1 mag in B-V and 0.2 mag in U-B, and these changes 
are usually interpreted as gradients in abundance, set up at the 
time of the galaxy's formation. 
Is there any problem about these gradients persisting until 
now in elliptical galaxies? We know from King's models (1966~) that 
the stars which contribute most to the light in the central regions 
have low energies, and so never move far from the centre, unless 
the star's energy itself is changed. However the relaxation times 
for elliptical galaxies are very long ( > 1012y ), so changes in stellar 
energies due to encounters are negligible. This means that a radial 
gradient in abundance, which is really a gradient of abundance with 
stellar ener gy, could persist from the time of formation of the 
galaxy through to the present. For globular clusters the situation 
is different. -3 The relaxation times are typically 10 to 0.5 of the 
cluster's lifetime, so any radial inhomogeneity set up at the cluster's 
formation would still be present now only for clusters with the longest 
relaxation times. This point is important for the argument in 
Chapter 5. 
We have seen that the surface brightness distributions and 
central densities are similar for normal ellipticals and for the more 
concentrated globular clusters. If the processes that lead to radial 
inhomogeneities in elliptical galaxies depend on the galaxy's 
largescale structure, then it seems possible that similar processes 
could produce comparable inhomogeneities in some globular clusters . 
1. 5 OUTLINE OF THE THESIS 
The main purpose of this thesis is t o see whether the 
integrated colors of globular clusters change with radius, as in 
elliptical galaxies. Twenty four globular clusters were observed 
photoelectrically through a range of apertures to search for radial 
color variations. The techniques employed and the results of this 
search are the subject of Chapter 2. It is shown that 8 of those 
cluste rs show significant radial color changes. 
The next step is to identify the radial changes in the 
stellar luminosity function, or in the morphology of the color-
magnitude diagram, associated with the observed color gradients. 
47 Tuc is a bright nearby cluster which shows color variations and 
which is close enough to study changes in luminosity function and 
color-magnitude diagram with radius. This is the subject of Chapters 
3 and 4: the main result is that the brighte st giants and asymptotic 
giant branch stars (m < 13.5) are more cen t rally concentrated than 
v 
the fainter ones, and that this effect produces the observed color 
changes. 
In Chapter 5 we compare the physical properties of clusters 
with and without radial color changes. The main result is that the 
presence of color changes is associated with long relaxation times 
8 (central values of TR > 10 y). As mentioned in the previous section, 
thi s strongly suggests that the radial color variations are associated 
with radial inhomogeneities set up at the time of the cluster's 
formation. 
Chapter 6 is on a different topic. We study the luminosity 
distributions on five globular clusters in the Magellanic Clouds: 
7 
three clusters are old, and two are young (~10 y). We confirm an 
earlier result that the dynamical structure of these clusters are 
10 
11 
similar, although their ages are so different: the luminosity profiles 
are all well-fitted by King's dynamical models. From the tidal radii, 
we estimate dynamical masses and mass to light (M/L) ratios: for the 
young clusters MIL ~ 0.08, while the older ones have MIL in the 
v v 
region 0.3 to 1.0. 
CHAPTER 2 
OBSERVATIONS OF THE RADIAL COLOR DISTRIBUTION I N GLOBULAR CLUSTERS 
2.1 INTRODUCTION 
This chapter reports a search for radial color variations in 
globular clusters. To achieve this purpose our approach was to make 
photoelectric observations of the globular clusters using concentric 
apertures and spot measurements. For the smaller (in angular size) 
clusters, UBV colors were measured through a set of concentric 
apertures, the largest available having a diameter of 4.5 arc min. 
The main sources of possible error for this kind of photometry 
are (i) errors produced by imperfect centering of the aperture on the 
cluster, (ii) sampling errors produced by the finite number of 
individual stars included in the aperture, (iii) background errors 
produced by fluctuations in the field star distribution and in the 
night sky i t self, and (iv) differential reddening across the cluster. 
To minimize these errors we chose a sample of 24 clusters at galactic 
latitude Ibl ~ 10° (except for NGC 6266, 6388, 6441 and 6522), with 
concentration c = log (r /r ) mostly greater than 1.5, and observed 
t c 
them only on moonless nights (sampling error is smaller for more 
concentrated clusters; King 1966b). 
The other series of observations were made for the cluster 
47 Tuc. This is a prime candidate for this type of study because it 
is very centrally concentrated, its surface brightness is high, and 
its reddening is low (see Table 3.1). Gascoigne and Burr (1956) have 
already found a radial color change for this cluster (see Chapter 1). 
Most important, 47 Tuc is nearby (m-M = 13.4: Sandage 1964), so it 
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should be possible to identify the radial changes in the luminosity 
function that produce the observed radial color changes . However, 
because the angular size of this cluster is so large (r = 24" r 44' : 
c ' t 
I l li ngworth 1973) , it was not possible to observe the radial color 
di s tribut ion adequately with the available concentric apertures, so 
spot observations at different distances from h c lust r centre were made. 
For these spot measurements we used the standard UBV filters and also 
filters d esigned to measure the strength of the Mg "b" and CN 4189 
absorption features , for comparison with similar data for the inner 
par ts of galaxies. (Spinrad et al. 1971: see Chapter 1 for more detail.) 
The observational procedure and the results are described in 
§2. 2 . 1 and .; 2 . 2 . 2 , and the sources of error are discussed in §2 .2.3. 
2.2 THE OBSERVATIONS 
All the photoelectric observations were made at Siding Spring 
Observatory using the 24-inch and 16-inch telescopes: the scales in 
-1 -1 
the focal planes are 18.8 arc sec mm and 28 .2 arc sec mm 
respectively . The photometer is a single-channel system of the type 
de s cribed by Johnson (1962), with a cooled IP 21 photomultiplier 
op rated at 850 volts. Both DC (Mt. Stromlo low current integrator) 
and pUlse-counting systems were used at different times. 
The UBV filters have the following specifications; 
V; 2 .7 5mm corning 3384 
B; 2mm Schott GG13 + Imm Schott BG12 
U; 2mm Schott UG2 . 
Two pairs of wide and narrow filters , identical with those used by 
Jones ann Dixon (1972) , were employed for the spot measurements of 
47 Tuc . Th e filte r characteristics are given in Table 2.1. 
FIGURE 2 . 1 
The locations of spot measures in 47 Tuc for r < 4 '. 
A similar pattern was used for the regions out to r 10 '. The 
diameter of the measuring aperture is 59 " .4 and 81 spots were 
measured . 
Filter 
Mg (narrow) 
Mg (wide) 
CN (narrow) 
CN (wide) 
TABLE 2.1 
FILTER CHARACTERISTICS 
Peak Transmission (R) 
5174 
5174 
4189 
4189 
Half-width (R ) 
30 
140 
50 
200 
2.2.1 Spots Measurements For 47 Tuc 
As mentioned above, 47 Tuc is so large that spo t measurements 
are needed to derive its radial color distribution adequately with 
the available equipment. The diameter of the measuring aperture was 
59".4. The spot locations are shown in Figure 2.1: the re is a 
central spot plus ten pitch circles of radius 1', 2' , ... ,10', eac h 
o 0 0 
with 8 spots at position angles (measured from north) 0 , 45 , ... ,315 . 
FIGURE 2.1 
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This gives a total of 81 spots. To locate the aperture precisely at 
these spots, we used a standard Johnson offset guiderhead mounted on 
the 24-inch telescope. This head carries an eyepiece (with crosswire) 
on crossed precision ways - the resulting uncertainty in aperture 
location is less than the seeing disk. 
For each filter, the observing sequence was 'spot-sky-spot', 
where 'sky' denotes a relatively blank field about 29 arc min from 
the cluster centre. The integrated times varied from 10 to 50 seconds 
depending upon the surface brightness at the spot location and upon 
the filter. In determining the mean value, only one area (north of 
r = 6') was removed because of the existence of one extremely bright 
star in this area. Three sets of filters were used for these spot 
measurements: UBV, CN >'4183, and Mg"b". 
2.2.1.1 UBV Spot Measurements 
Some 15 t o 20 s tandard stars at declinations between _65 0 and 
_79 0 with 6.5 < V < 7.5, selected from the list of Cousins and Stoy 
(1963), were observed at regular intervals throughout each night. 
This allowed the use of mean extinctions, with the standard coefficients 
for Siding Spring being K 
v 
0.16, K = 0.13 - 0.04 (B-V), 
·b-v 
K b = 0.36. The slopes and zero-points for the transformation from 
u-
the instrumental to the UBV systems were determined each night. For 
all nights the zero-point uncertainty was less than 0.02 mag. 
A large scatter was found in the observations outside 7 min 
from cluster centre, as a result of big sampling errors, so the data 
of spot measurements in UBV systems are presented in Table 2.2 only 
as far as this limit. 
2.2.1.2 Mg, CN Spot Measures 
Photoe lectric measurements of the Mg-b lines and the blue 
CN-band were made in 47 Tuc to search for metal abundanc e variations 
similar to those found in M31 (Spinrad et al. 1971). Two pairs of 
wide and narrow filters were used which are identical with those 
used by Jones and Dixon (1972) to investigate the absolute luminosity 
of some possible subdwarf stars. 
Two indices were measured, defined as the ratio of the intensity 
of the star light transmitted by the wide filter to that transmitted 
by the narrow filter, e.g. 
f.tJ = I (Mg wide)/I (Mg : narrow). 
The measuring procedure (for 47 Tuc) with these filters was similar 
to the UBV series. Integrations were made at the same 81 spots and 
the same sky field, and the measuring sequence for each spot was again 
'spot (Mg, CN) - sky (Mg, CN) - spot (Mg, CN) '. Approximately 30 stars 
from Table II of Jones and Dixon's (1972) paper were observed each 
night as standards. Although we used the same filters as Jones and 
Dixon, the scale and zero-point of our instrumental system was 
significantly different from theirs. Denoting our instrumental indices 
by (CH), the transformations were 
f.tJ(JD) = 0.907 Mg(CH) + 0.240 
CN(JD) = 0.925 CN(CH) - 0.075. 
This is presumably due to changes in the filter properties over the 
period since the Jones-Dixon observations were made. We observed 
a series of stars to derive the transformation from the JD index to 
C (41-4 2), because the most widely used CN system is the DDD system 
(McClure and van den Bergh 1968). This gave a well-determined linear 
transformation over the range -0.05 < C(41-42) < 0.4 as; 
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TABLE 2.2 
SPOT MEASUREMENTS FOR NGC 104 
mean radius I C(41-42) (min) V 8-V U-8 Mg CN 
o (centre) 6.39 .91 .39 4.72 3.51 .140 
1 7.82 .90 .38 4.72 3.49 .120 
2 9.13 .89 .38 4.70 3.50 .130 
3 10.15 .81 .28 4.72 3.48 .120 
4 10.75 .81 .25 4.71 3.49 .120 
5 11. 25 .82 .29 4.82 3.40 .040 
6 11. 87 .80 .28 4.91 3.44 .080 
7 12.32 .76 .26 4.55 3.34 -.009 
8 4.83 3.36 .009 
9 4.86 3.17 -.159 
10 4.27 3.29 -.053 
E 
e xt 
V 8-V U-8 
.024 .005 .011 
.099 .021 .019 
.093 .030 .021 
.143 .032 .040 
.059 .029 .025 
.122 .054 .061 
.225 .081 .093 
.254 .090 .093 
Mg 
.005 
.020 
.040 
.080 
.105 
.115 
.150 
.155 
.155 
.120 
.300 
CN 
.010 
.020 
.022 
.056 
.038 
.075 
.155 
.088 
.179 
.117 
.208 
...... 
~ 
CN(JD) 1.13 C(41-42) + 3 .35. 
2 . 2 . 1.3 Results Of Spot Measures 
The results of the photoelectric spot measures for 47 Tuc are 
summarized in Table 2.2 . The columns show (i) r, the mean radius i.e., 
the distance between the centre of the spot and the centre of the 
cluster; (ii) - (iv) the mean of the measured V, 8-V, and U-8 indices 
for the 8 spots at each radius (for r ~ 1', for r = 0 the mean value 
of 8 measures on different nights at same position); (v) and (vi) the 
corresponding values of the Mg and CN indices on the Jones -Dixon (1972) 
18 
system; (vii) the C(41-42) index derived from CN (JD) via the transform-
ation given above; (viii) - (xii) external probable errors of V, 8-V, 
U-8, Mg, and CN derived from the dispersion of values at the 8 spots 
for each radius (e xcep t r = 6', where we had 7 spots) about their mean 
(fo r r = 0, we give the mean error from 8 measures in this area , 
because the measures always start from the centre radiating out in each 
direction) . These results are displayed in Figures 2 .2a, b, c and d 
which represent 8-V, U-8, CN(JD) and Mg(JD). 
The most striking result from the spot measurements is the 
radial color c hange in 8-V and U-8 . An amplitude of at least 0.1 mag 
is observed in both colors . From the U-8 data i n particular, we see 
that , 47 Tuc has an inner region of radius - 2 ' for which U-8 : 0.4. 
Outs ide thi s region , the color decreases to about U-8 : 0.25 at r = 4' . 
The 8-V data appears to show a similar variation. 
The Mg and CN data are not so conclusive . There is we ak 
evidence for a decrease in CN; there app ars to be a decrease in the 
CN index in the outer regions (r > 4') but it is apparently constant 
in the inner regions (the variation is : 0 . 03 for r < 4'). There is 
FIGURES 2.2a-d 
The results of spot measurements for B-V, U-B, CN, and Mg. 
Radial color changes of about 0 . 1 mag are found in B-V and U-B. 
The results for CN are not conclusive, while for Mg there is no 
obvious variation . 
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FIGURES 2. 2c , d 
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no apparent variation in Mg and this result is very similar to that 
found in M31 by Spinrad et ale (1972). 
2.2.2 Concentric Aperture Me asures For 23 Clusters 
2.2.2.1 UBV Observations 
Following the 47 Tuc spot measures, photoelectric UBV observations 
of 23 clusters (Table 2.3a) were made through concentric apertures of 
various diameters. Twenty five to 30 standard stars, selected from the 
catalogue of Cousins and stoy (1963) and the E region of Cousins (1971), 
were observed each night. For the northern clusters (NGC 5024, NGC 5272, 
NGC 7006, and NGC 7078) standards were chosen from the U.s. Naval Observatory 
catalogue (Blanco et al e 1970) within ±5° in declination of the clusters 
to minimize the difference in air mass. Again, mean extinctions were 
used, with the same coefficients as before, and the resulting zero-
point uncertainty never exceeded 0.02 mag. 
Most clusters were measured through the 8 available apertures. 
Most of the clusters were centered visually in the apertures, except 
for the more open ones which were centered by watching the deflection 
on a GR amplifier. Each observation was carried out in the order 
UBV-VBU for each aperture, to check for any possible drift of the 
telescope during the integrations. Integration times varied from 
10 to 40 seconds depending on the clusters, filter, and aperture. For each 
cluster the sky was measured through the 8 apertures at locations 
west, east, north, and south of the cluster: the usual order of 
measuring was cluster , sky (E and W), cluster, and sky (N and S). 
Each cluster was measured on at least 5 different nights. 
Two telescopes (24-inch and 16-inch) were used for some clusters to 
give a larger range of aperture sizes. Results from the two telescopes 
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TABLE 2. 3a 
OBSERVED CLUSTERS DATA 
NGC Name log r /r r (arc min) (m-M) B-V U-B 
t c c aEolV 
104 47 Tuc 2.03 (1) 0.41 (1) 13.46 (1) 0.86 0.36 
362 t:, 62 1. 70 ( 1) 0.21 ( 1) 15.00 (1) 0.75 0.12 
1851 t:, 508 1. 83 (1) 0.12 (1) 15.50 (1) 0.79 0.07 
2808 1. 75 ( 1) 0.25 (1) 15.80 (1) 0.93 0.28 
5024 M53 1.67 ( 2) 0.47 ( 2) 16.35 ( 2) 0.63 0.08 
5139 w Cen 1. 36 (2) 2.40 (2) 14.00 ( 2) 0.79 0.18 
5272 M3 1.90 ( 2) 0.49 (2) 15.15 (2) 0.69 0.09 
5824 2.51 (2 ) 0.06 ( 2) 16.79 ( 2) 0.75 0.13 
5904 M5 1. 78 (2) 0.48 ( 2) 14.60 (2) 0.72 0.13 
6093 M80 1. 88 (1) 0.12 (1) 15.40 (1) 0.86 0.21 
6266 M62 1.63 (1) 0.25 (1) 15.25 (1) 1.14 0.51 
6356 0.32 (2) 17.20 (2) 1.14 0.58 
6388 1. 75 (1) 0.15 (1) 16.80 ( 1) 1.17 0.63 
6441 1. 70 (1) 0.15 (1) 17.20 (1) 1. 27 0.80 
6522 0.12 ( 2) 15.80 ( 2) 1. 20 0.66 
6541 t:, 473 2.00 ( 2) 0.32 (2) 14.50 ( 2) 0.76 0.13 
6637 M69 0.33 (2) 15.80 (2) 0.99 0.50 
6715 M54 1.83 (1) 0.11 (1) 16.60 (1 ) 0.83 0.25 
6752 t:, 295 1.84 ( 2) 0.50 (2) 13.50 (2) 0.65 0.06 
6864 M75 1.82 (1) 0.09 ( 1) 17.90 (1) 0.85 0.28 
7006 1. 38 (2) 0.26 (2) 18.30 ( 2) 0.78 0.16 
7078 M15 1. 96 (2) 0.23 (2) 15.10 (2) 0.69 0.06 
7089 M2 1.61 ( 2) 0.40 (2) 15.40 (2) 0.68 0.08 
7099 M30 2.11 (2) 0.12 (2) 14.61 ( 2) 0.59 0.04 
*Columns (iii) - (v) are length parameter log r /r , core radius 
(arc min) and the distance t moaulus (m-M) app, V. 
(1) indicates the data from Illingworth (1973) ; 
(2 ) indicates the data from Peterson and King 
(1975) . 
*Columns (vi) - (vii) are the integrated colors B-V and U-B by Harris 
and van den Bergh (1974) . 
TABLE 2.3b 
CONCENTRIC APERTURE MEASUREMENTS 
Diamet9r V 8-V U-8 
No. Used V 8-V U-8 
(min) obs. tel. e e e e t e e e c c sa c sa t 
NGC 362 concentric 
.15 10.29 .88 .23 5 24" .028 .012 .069 .070 .034 .062 
.070 
.25 9.43 .82 .17 .004 .005 .045 .045 .005 .040 
.041 
.50 8.43 .78 .12 .004 .004 .028 .028 .004 .025 
. 025 
.62 8.13 .78 .13 .005 .005 .025 .024 .006 .022 
.023 
.99 7.59 .81 .14 . 009 .006 .019 .020 .000 .017 
.017 
1. 51 7.25 .82 .13 .022 .021 .016 .027 .000 .015 
.015 
2 .26 7 .06 .78 .12 .005 .005 .015 .016 .004 .013 
.014 
2.97 6.93 .78 .12 .000 .005 .014 .015 .000 .012 
.012 
NGC 1851 concentric 
.15 10 .48 .77 .08 8 24" .067 .007 .057 .057 .037 .051 
.063 
. 25 9.47 .78 .07 .034 .006 .036 .036 .008 .032 
.033 
.50 8.62 .79 .09 .022 .013 .024 . 028 .008 . 022 
. 023 
.99 8.02 .79 .08 .020 .011 .018 .021 .004 .016 
.017 
1. 51 7 . 75 .78 .07 .020 .009 .016 .019 . 005 . 015 
. 015 
2.26 7.56 .78 .07 .025 .006 .015 .016 .009 .013 
.016 
2.97 7.45 .77 .07 .019 .005 .014 .015 .005 .013 
.014 
NGC 2808 concentric 
.15 10.93 1.02 .40 7 24" . 054 .020 .068 .071 .019 .061 
.064 
.25 9 .69 .98 .32 .030 .010 .038 .039 .010 .034 
.035 
.50 8.54 .92 .26 .013 .008 .022 .023 .0lD .020 
.022 
.62 8.18 .92 .25 .015 .007 .018 .020 .000 .016 
.016 
.99 7.58 .90 .24 .012 .005 .014 .015 .009 .012 
.015 
1. 51 7.13 .90 .25 .014 .003 .011 .012 .008 .010 
.013 
2.26 6.80 .90 .24 .017 .003 .010 .010 .013 .009 
.016 
2.97 6.66 .90 .24 .024 .004 .009 .010 .005 .008 
.010 
Continued IV w 
TABLE 2. 3b 
Diameter No. Used V 8-V 
U-8 
(min) V 8-V U-8 obs . tel. e e e e t e 
e e 
c c sa c 
sa t 
NGC 2BOB concentric 
.20 10.lB .99 .39 3 16" . 042 .020 .047 
.051 .034 .043 . 054 
.37 B.95 .96 .31 . 029 . 012 .027 .029 
.020 .024 . 031 
.75 7.93 .91 .26 .007 .01B .016 .024 
.OOB .015 .017 
.93 7.66 .90 .25 .006 .006 .014 
.015 .009 .013 .016 
1.49 7.14 .90 .25 .004 .000 .011 .011 
.003 .010 .010 
2 .2B 6.77 .90 .25 .004 .003 .010 .010 
.000 .009 .009 
3.41 6 .53 .90 .25 .004 .000 .009 .009 
. 003 .OOB .OOB 
4.52 6.43 .90 .24 .006 .000 .OOB .OOB 
.003 .007 .OOB 
NGC 5024 (M53) concentric 
.15 13.00 .70 .20 5 24" .091 .030 .119 .123 
.015 .106 .10B 
.25 11. B2 .63 .1B .063 .021 .067 .070 
. 012 .060 .061 
.50 10 .4B .62 .09 .025 .007 . 036 .036 
.025 .032 . 041 
.62 10 . 06 .61 .11 .012 .012 .031 .033 
. 026 .027 . 03B 
.99 9.32 .61 . 09 .007 .000 .021 .021 
. 024 .019 .030 
1. 51 B.B3 .61 .07 .005 .005 .017 .01B 
. 020 . 015 .025 
2.26 B.43 .61 .OB .017 .000 .014 .014 
. 000 . 012 .012 
2 .97 B.23 .62 .OB . 007 . 005 .013 .014 
. 005 .011 . 012 
NGC 5139 ( w Cen) concentric 
.50 9.42 .B9 .2B 5 24" .035 .012 .073 .074 
.016 .066 .06B 
.62 9.06 . B6 .22 .012 .009 .061 .062 
.000 .055 .055 
.99 B.29 .79 .1B .006 .005 .042 .042 
.007 .037 .03B 
1. 51 7.36 .79 .1B .005 .007 .027 .02B 
.007 .024 .025 
2.26 6.53 .79 .1B .006 .000 .01B .01B 
.005 .016 .017 
2.97 6.04 .79 .1B .010 .007 .015 .016 
.005 .013 .014 
continued 
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TABLE 2.3b 
Diameter No. Used V 8-V U-8 
(min) V 8-V U-8 obs. tel. e e e e t e e e t c c sa c sa 
NGC 5272 (M3) concentric 
.15 11.56 .89 .20 5 24" .032 .017 .116 .117 .009 
.104 .104 
.25 10.64 .76 .14 .024 .012 .071 .072 .009 .064 .065 
.50 9.37 .69 .10 .003 .006 .039 .039 .009 .035 . 036 
.62 8.93 .71 .11 .004 .006 .032 .032 .006 .028 .029 
.99 8.15 .72 .11 .005 .003 .022 .023 .003 .020 
.020 
1. 51 7.63 .69 .08 . 008 .005 .017 .018 .003 .016 
. 016 
2 .26 7.23 .70 .09 .006 .003 .014 .015 .000 .013 .013 
2 .97 7.02 .71 .09 .000 .000 .013 .013 .000 .012 
.012 
NGC 5824 concentric 
. 20 11.00 .79 .22 3 16" .015 .060 .040 .072 .043 . 036 . 056 
.37 10.65 .74 .15 .048 .015 .034 .037 .014 .030 .033 
.75 10.11 .75 .14 .019 .006 .026 .027 . 008 .023 .025 
. 93 9.54 .75 .14 .013 .006 .020 .021 .005 .018 . 019 
1. 49 9.34 .75 .13 .007 .003 . 018 .019 .0lD .016 
.019 
2 . 28 9 .19 .75 .13 .0lD .003 .017 .018 .004 . 016 .016 
3.41 9.11 .74 .12 . 017 .006 .016 .017 .004 .015 .015 
4 . 52 9.07 .73 .14 .019 .011 .016 . 020 . 0lD .015 .018 
.15 11.74 .71 .20 4 24" .046 .048 .055 .073 .034 .049 .060 
.25 10.77 .76 .14 .007 .015 .036 .039 . 015 .032 .035 
.50 10.32 .73 .15 .025 .016 .020 .026 .013 .018 .022 
. 99 9.51 .74 .14 .030 .012 .020 .023 010 .018 .020 
1. 51 9.33 .75 .13 .017 .011 .018 .021 .006 .016 .018 
2.26 9.18 .75 .13 .013 .011 .017 .021 .005 .016 .016 
2.97 9.15 .73 .12 .013 .009 .017 .019 .012 .015 .021 
continued I\.J 
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TABLE 2.3b 
Diameter No. Used V 8-V U-8 
(min) V 8-V U-8 tel. obs. e e e e e e e 
c c sa t c sa t 
NGC 5904 (M5) concentric 
.20 10.82 .94 .38 2 16" .038 .042 .109 .116 .025 .097 .101 
.37 9.67 .81 .22 .009 .013 .060 . 062 . 011 . 05 4 . 055 
.75 8.52 .71 .13 .010 .006 .034 .034 .003 .030 .030 
.93 8.18 .71 .12 .024 .004 .026 .026 .007 .026 .027 
1. 49 7.55 .71 .12 .020 .009 .013 .016 .007 .020 .021 
2.28 7.04 .71 .11 .005 .000 .017 .017 .013 .016 .020 
3.41 6.69 .73 .12 .012 .006 .015 .016 .013 .013 .019 
4.52 6.52 .72 .11 .010 .006 .014 .015 .007 .012 .014 
.15 11. 28 1.03 .42 4 24" .038 .040 .140 .146 .010 .126 .126 
.25 10.25 .88 .30 .007 .013 .081 .082 .013 .073 .074 
.50 9.14 .72 .12 .006 .007 .045 .046 .000 .041 .041 
.62 8.81 .69 .09 .007 .000 .038 .038 .003 .034 .034 
.99 8.05 .71 .11 .000 .003 .028 .028 .000 .025 .025 
1. 51 7.47 .71 .11 .009 .003 .021 .021 .003 .019 .019 
2.26 7.03 .71 .11 .006 .003 .017 .017 .000 .015 .015 
2.97 6.80 .72 .11 .007 .003 .015 .015 .000 .014 .014 
NGC 6093 (M80) concentric 
.20 10.61 .83 .27 2 16" .030 .038 .065 .075 .025 .058 .063 
.37 9.50 .84 .23 .027 .007 .039 .040 .017 .035 .039 
.75 8.69 .82 .21 .000 .000 .027 .027 .006 .024 .025 
.93 8.49 .82 .19 .010 .004 .024 .025 .000 .022 .022 
1. 49 8.12 .82 .20 .000 .000 .020 .020 .000 .018 .018 
2.28 7.85 .82 .20 .004 .004 .018 .019 .000 .016 .016 
3.41 7.66 .83 .21 .000 .000 .017 .017 .000 .015 .015 
4.52 7.60 .83 .21 .000 .004 .016 .017 .003 .015 .015 
Continued N 0'\ 
Diameter 
(min) 
.15 
.25 
.50 
.62 
.99 
1. 51 
2.26 
2 .97 
.15 
. 25 
.50 
.62 
.99 
1. 51 
2 . 26 
2.97 
.20 
.37 
.75 
.93 
1.49 
2.28 
3.41 
4.52 
v 
10.76 
9.93 
8.98 
8.77 
8.36 
8.08 
7.89 
7.80 
11.12 
10.05 
8 . 97 
8.65 
8.05 
7.62 
7 . 31 
7.12 
11.69 
10.86 
9 .84 
9.58 
9.09 
8.77 
8.57 
8 .48 
8-V 
.85 
.82 
.82 
.82 
.82 
.82 
.82 
.82 
1.10 
1.12 
1.12 
1.14 
1.14 
1.14 
1.14 
1.14 
1.11 
1.13 
1.11 
1.11 
1.12 
1.13 
1.12 
1.12 
U-8 
.24 
.22 
.21 
.21 
.21 
.21 
.21 
.21 
.47 
.49 
.50 
.50 
.51 
.51 
.51 
.51 
.60 
.55 
.55 
.56 
.57 
.56 
.57 
.58 
TABLE 2.3b 
No. Used 
obs. tel. 
V 
e 
c 
3 
5 
5 
NGC 6093 (M80) 
24" .015 
.005 
.000 
.000 
.000 
.007 
.005 
.008 
NGC 6266 (M62) 
24" 
NGC 6356 
16" 
.040 
.014 
.004 
.004 
.012 
.004 
.004 
.004 
.008 
.006 
.008 
.005 
.000 
. 005 
.005 
.000 
e 
c 
8-V 
e 
sa 
concentric 
.019 
.007 
.009 
.003 
.004 
.003 
.003 
.006 
.070 
.047 
.031 
.028 
.023 
.020 
.018 
.018 
concentric 
.017 
.010 
.007 
.003 
.000 
.003 
.000 
.000 
.099 
.061 
.037 
.033 
.024 
.020 
.017 
.016 
concentric 
.006 
.007 
.003 
.004 
.005 
.005 
.000 
.000 
.053 
.037 
.022 
.020 
.016 
.014 
.013 
.012 
e
t 
.072 
.048 
.032 
.028 
.023 
.021 
.019 
.019 
.101 
.062 
.038 
. 033 
.024 
.021 
.017 
.016 
.053 
.037 
.023 
.020 
.017 
.015 
.013 
.012 
e 
c 
.020 
.011 
.005 
.004 
.004 
.004 
.007 
.007 
.027 
.004 
.006 
. 007 
.006 
.004 
.000 
.004 
.022 
.017 
.009 
.009 
.005 
.000 
.017 
.013 
U-8 
e 
sa 
.063 
.043 
.027 
.025 
.021 
.018 
.016 
.016 
.089 
.055 
.033 
.029 
.022 
.018 
.016 
.015 
.048 
.033 
.020 
.018 
.015 
.012 
.011 
.Oll 
e
t 
.066 
.044 
.028 
.025 
.021 
.019 
.018 
.017 
.093 
.055 
.034 
.030 
.023 
.019 
.016 
.015 
.052 
.037 
.022 
.020 
.015 
.012 
.020 
.017 
Continued '" 
~
TABLE 2.3b 
Diameter No. Used V 8-V U-8 
(min) V 8-V U-8 obs. tel. e e e e e e e c c sa t c s a t 
NGC 6388 concentric 
.15 10.54 1.17 .66 6 24" .075 .014 .039 .041 .018 .035 .039 
.25 9.40 1.18 .65 .054 .014 .023 .027 .018 .021 .027 
.50 8.43 1.19 .61 .017 .000 .015 .015 .000 .013 .013 
.62 8.17 1.18 .61 .000 .005 .013 .014 .005 .012 .013 
.99 7.72 1.18 .61 .000 .000 .Oll .Oll .000 .010 .010 
1. 51 7.44 1.18 .62 .005 .000 .009 .009 .005 .008 .010 
2.26 7.25 1.18 .62 .005 .000 .009 .009 .005 .008 .009 
2.97 7.10 1.09 .53 .005 .000 .008 .008 .005 .008 .009 
NGC 6 441 concentric 
.20 10.05 1. 25 .79 2 16" .027 .010 .027 .028 .015 .024 .028 
.37 9.29 1. 27 .78 .006 .008 .019 .020 .014 .017 .022 
.75 8.48 1. 27 .80 .006 .000 .013 .013 .005 .012 .013 
.93 8.25 1. 27 .78 .000 .000 .012 .012 .006 .011 .012 
1. 49 7.92 1. 27 .79 .007 .000 .010 .010 .000 .009 .009 
2.28 7.68 1. 27 .78 .000 .000 .009 .009 .005 .008 .010 
3.41 7.41 1.09 .55 .000 .000 .007 .007 .007 .006 .009 
4.52 7.34 1.10 .56 .007 .000 .007 .007 .007 .006 .009 
.15 10.95 1. 25 .80 4 24" .031 .007 .040 .041 .000 .036 .036 
.25 9.80 1.27 .81 .011 .000 .024 .024 .005 .021 .022 
.50 8.84 1. 27 .79 .007 .005 .015 .016 .007 .014 .015 
.62 8.59 1.26 .79 .005 .000 .014 .014 .000 .012 .012 
.99 8.20 1.27 .79 .000 .005 .011 .012 .007 .010 .012 
1. 51 7.93 1. 27 .78 .000 .000 .010 .010 .013 .009 .016 
2.26 7.73 1. 28 .78 .007 .005 .009 .010 .Oll .008 .014 
2.97 7.54 1.07 .53 .007 .005 .008 .009 .007 .007 .010 N 
co 
Diameter 
(min) 
.15 
.25 
.50 
.62 
.99 
1. 51 
2.26 
2 .97 
. 15 
.25 
.50 
.62 
.99 
1. 51 
2.26 
2 .97 
.15 
.25 
.50 
.62 
.99 
1. 51 
2.26 
2.97 
v 
12.00 
11. 23 
10.33 
10.07 
9.53 
9.21 
9.01 
8.86 
11.04 
10.10 
9 . 06 
8.73 
8.17 
7.76 
7.46 
7 .30 
12.34 
11. 25 
10.09 
9.71 
9.03 
8.53 
8.21 
8.07 
8-V 
1. 20 
1.18 
1.20 
1. 20 
1.23 
1.21 
1. 22 
1.17 
.75 
.72 
.72 
.73 
.74 
.75 
.76 
.75 
.97 
.95 
.95 
.98 
1.00 
1.00 
.99 
.99 
U-8 
.63 
.64 
.60 
.62 
.66 
.65 
.64 
.56 
.16 
.14 
.13 
.15 
.14 
.14 
.14 
.14 
.44 
.44 
.44 
.46 
.46 
.46 
.46 
.46 
No. Used 
obs. tel. 
NGC 6522 
5 24" 
TABLE 2.3b 
V 
e 
c 
.017 
.014 
.Oll 
.022 
.003 
.003 
.003 
.Oll 
NGC 6541 
5 
5 
24" . 022 
.013 
.005 
.005 
.008 
.005 
.005 
.005 
NGC 6637 (M69) 
24" .041 
.028 
.010 
.015 
.012 
.000 
.005 
.009 
e 
c 
8-V 
e 
sa 
concentric 
.013 
.014 
.003 
.012 
.007 
.006 
.000 
.017 
.121 
.084 
.056 
.050 
.039 
.034 
.031 
.028 
concentric 
.041 
.010 
. 008 
. 004 
.007 
.008 
.006 
.007 
.ll5 
.074 
.046 
.039 
.031 
.025 
.022 
.020 
concentric 
.038 
.013 
.010 
.006 
.006 
.006 
.000 
.004 
.128 
.077 
.045 
.038 
.028 
.022 
.019 
.018 
e 
t 
.122 
.085 
.056 
.051 
.040 
.034 
.031 
.033 
.122 
.075 
.047 
.039 
.031 
.027 
.023 
.022 
.133 
.078 
.046 
.039 
.029 
.023 
.019 
.018 
e 
c 
.018 
.021 
.018 
.018 
.010 
.009 
.008 
.008 
.024 
.017 
.012 
.014 
. 005 
.003 
.003 
.004 
.015 
.008 
.006 
.004 
.000 
.004 
.003 
.000 
U-8 
e 
sa 
.109 
.075 
.050 
.045 
.035 
.030 
.028 
.025 
.103 
.066 
.041 
.035 
.027 
.023 
.020 
. 018 
.1l4 
.069 
.040 
.034 
.025 
.020 
.017 
.016 
e
t 
.1l0 
.078 
. 053 
.048 
.037 
.031 
.029 
.026 
.106 
.068 
. 043 
.038 
.028 
.023 
.020 
.019 
.1l5 
.069 
.041 
.035 
.025 
.021 
.018 
.016 
Continued 
I\J 
\D 
Diameter 
(min) 
.15 
. 25 
.50 
.62 
.99 
1. 51 
2.26 
2.97 
.15 
.25 
.50 
.62 
.99 
1. 51 
2.26 
2.97 
.15 
.25 
.50 
.62 
.99 
1. 51 
2.26 
2.97 
v 
10.74 
9.77 
9.00 
8.81 
8 .47 
8.20 
8.02 
7.94 
10.72 
9 .74 
8.73 
8 .49 
7 .83 
7.36 
6.94 
6.74 
11.46 
10.58 
9.82 
9.63 
9.27 
9.00 
8.85 
8.75 
8-V 
.84 
.83 
.83 
.83 
.84 
.84 
.84 
.83 
.73 
.65 
.61 
.60 
.65 
.65 
.67 
.68 
.87 
.87 
.86 
.85 
.85 
.87 
.86 
.86 
U-8 
.25 
.25 
.24 
.24 
.25 
.25 
.25 
.25 
.11 
.06 
.04 
.03 
.06 
.06 
.08 
.08 
.31 
.30 
.28 
.27 
.27 
.28 
.28 
.28 
TABLE 2.3b 
No. Used 
obs. tel. 
V 
e 
c 
5 
5 
6 
NGC 6715 (M54) 
24" 
NGC 6752 
24" 
.038 
.015 
.003 
.000 
.004 
.000 
.000 
.000 
.021 
.0lO 
.007 
.019 
.018 
.017 
. 005 
.003 
NGC 6864 (M75) 
24" .042 
.036 
.000 
.004 
.004 
.000 
.004 
.000 
e 
c 
8-V 
e 
sa 
concentric 
.009 
.006 
.000 
.000 
.003 
.000 
.003 
.000 
.040 
.026 
.018 
.016 
.014 
.012 
.011 
.011 
concentric 
.018 
.014 
.009 
. 006 
.003 
.005 
.000 
.000 
.157 
.096 
.059 
.053 
.040 
.032 
.027 
.024 
concentric 
.011 
.009 
.004 
.003 
.003 
.000 
.003 
.000 
.031 
.020 
.014 
.013 
.Oll 
.010 
.009 
.009 
e
t 
.041 
.026 
.018 
.016 
.014 
.012 
.012 
.011 
.158 
.097 
.060 
. 053 
.040 
.033 
.027 
. 024 
.033 
.022 
.015 
.014 
.Oll 
.010 
.009 
.009 
e 
c 
.006 
.004 
.003 
.007 
.003 
.003 
.000 
.003 
.013 
.010 
.007 
. 005 
.007 
. 005 
.003 
.003 
.020 
.023 
.003 
.006 
.003 
.000 
.003 
.003 
U-8 
e 
sa 
.036 
.023 
.016 
.015 
.012 
.011 
.010 
.010 
.140 
. 086 
.053 
.047 
.036 
.029 
.024 
. 022 
.028 
.018 
.013 
.012 
.010 
.009 
.009 
.008 
e
t 
.036 
. 023 
.016 
.016 
.013 
.011 
. 0lO 
. 010 
.141 
.086 
.053 
. 047 
.036 
.029 
.024 
.022 
.034 
.029 
.013 
.013 
.010 
.009 
.009 
.008 
continued 
w 
o 
Diameter 
(min) 
.20 
.37 
.75 
.93 
1.49 
2.28 
3.41 
4.52 
.20 
. 37 
.75 
.93 
1.49 
2.28 
3.41 
4.52 
.20 
.37 
.75 
.93 
1.49 
2.28 
3.41 
4.52 
v 
13.01 
12.35 
11.41 
11. 24 
10.98 
10.82 
10.65 
10.57 
9 .52 
8.91 
8.02 
7.80 
7.35 
7.06 
6 .87 
6.73 
10.41 
9.61 
8.41 
8.06 
7.49 
7.12 
6.86 
6.74 
8-V 
.85 
.80 
.78 
.76 
.78 
.78 
.79 
.75 
.66 
.65 
.67 
.67 
.68 
.68 
.68 
.68 
.63 
.61 
.64 
.65 
.66 
.67 
.67 
.67 
U-8 
.27 
.17 
.14 
.15 
.16 
.15 
.15 
.16 
.06 
.05 
.05 
.05 
.05 
.05 
.05 
.05 
.06 
.07 
.07 
.06 
.08 
.08 
.09 
.08 
No. Used 
obs. tel. 
NGC 7006 
5 16" 
TABLE 2. 3b 
V 
e 
c 
.011 
.018 
.017 
.013 
.037 
.005 
.000 
.017 
NGC 7078 (Ml5) 
5 
5 
16" .015 
.008 
.012 
.004 
.000 
.011 
.020 
.000 
NGC 7089 (M2) 
16" .038 
.023 
.Oll 
.003 
.007 
.010 
.004 
.004 
e 
c 
8-V 
e 
sa 
concentric 
.006 
.013 
.007 
.010 
.005 
.005 
.000 
.003 
.052 
.038 
.024 
.022 
.020 
.018 
.017 
.016 
concentric 
.019 
.010 
.006 
.007 
.005 
. 000 
.003 
.004 
.042 
.031 
.021 
. 019 
.015 
.014 
. 012 
.0l2 
concentric 
.028 
.011 
.015 
.006 
.004 
.003 
.003 
.004 
.054 
.037 
.021 
.018 
.014 
.0l2 
.011 
.010 
e 
t 
.052 
.040 
.025 
.024 
.021 
.019 
.017 
.017 
.046 
.033 
.022 
. 020 
.016 
.014 
.013 
.012 
.061 
.039 
.026 
.019 
.015 
.013 
.011 
.011 
e 
c 
.023 
.014 
.012 
.006 
.000 
.000 
.000 
.007 
.009 
.004 
.004 
.000 
. 000 
.003 
. 000 
.003 
.009 
.009 
.006 
.009 
.004 
.009 
.005 
.006 
U-8 
e 
sa 
.047 
.034 
.021 
.020 
.018 
.016 
.015 
.015 
.037 
. 028 
.019 
.017 
.014 
.012 
.011 
.011 
.048 
.033 
.019 
.016 
.013 
.011 
.010 
.009 
e
t 
.052 
.037 
.025 
.021 
.018 
.016 
.015 
.016 
.039 
.028 
.019 
.017 
.014 
.013 
.011 
.011 
.049 
.035 
. 020 
.019 
.013 
.014 
.011 
.011 
continued 
W 
I-' 
TABLE 2.3b 
Diameter No. Used V 
(min) V 8-V U-8 obs. tel. e c 
NGC 7099 (M30) 
.15 11. 62 .50 .04 5 24" .015 
.25 10.64 .46 .03 .007 
.50 9.79 .48 .02 .011 
.62 9.48 .50 .04 .007 
.99 8.93 .53 .04 .007 
1. 51 8.48 .57 .06 .000 
2.26 8.18 .59 .06 .004 
2.97 8.02 .59 .06 .004 
8-V 
e e e 
c sa t 
concentric 
.029 .128 .131 
.010 .080 .081 
.009 .055 .055 
.007 .047 .048 
.004 .038 .038 
.000 .031 .031 
.000 .028 .028 
.000 .026 .026 
e 
c 
.015 
.004 
.000 
.007 
.004 
.000 
.000 
.004 
U-8 
e 
sa 
.114 
.072 
.049 
.043 
.034 
.028 
.025 
.023 
e
t 
.115 
.072 
.049 
.043 
.034 
.028 
.025 
.023 
W 
IV 
agre ed very we ll - see Table 2.3£ and Figure 2 . 3 . The actual aperture 
size s we re me a s ured geometrically and by observing the clear bright sky . 
For the 4 larger apertures the relative sizes d e rive d geometrically 
33 
and photometric ally were in excelle nt agreeme nt, and we adopted their 
geometrical diame t e rs as correct. For the s malle r ones, the relative 
size s did not c ompare so well as those of the large r apertures (the 
differences are however less than 10 %) , and we adopted their photometric 
diame t e rs. Th e adopted aperture diameters are give n in the first column 
of Table 2 . 3b. 
2.2.2.2 Results Of Concentric Aperture Measures 
The r e sults of concentric aperture measures are summarized in 
Table 2.3b. The columns give (i) the aperture diameter in arc min; 
(ii) - (iv) the mean values of V, 8-V, U-B mea s ured through each 
aperture; (v) - (vi) the number of observations and the telescope 
used. The remaining columns give the errors, which are discussed 
late r in §2.2 . 3. All clusters were observed through all 8 apertures 
(0 ' .15 to 2 ' .97 at 24") , except w Cen (the two small e st apertures 
were omitte d) and NGC 1851 (0' . 62 aperture wa s not available while 
obs rving this c luster). Figures 2.3a - w show B-V and U-B against 
radius (arc min) for each cluster. The figur e s also show the 
cluster ' s core radius (Peterson and King 1975; Illingworth 1973) 
and its integrated colors as presented by Harris and van den Bergh 
(1974): their colors and ours obviously a g r ee ve ry well . 
From Fig ures 2.3a - w we can see immed i ately that (i) for all 
clu s t e rs e xce pt NGC 6388, NGC 6441, and NGC 65 22 , the colors measured 
thro ugh the large r ape rtures are app roximate l y un i form with aperture 
size (measure s for these clusters we re a f f ec t e d by bright nearby field 
FIGURES 2.3a-w 
Concentric aperture measures for 23 clusters. Seven 
(NGC 362, NGC 2808, NGC 5024, NGC 5139, NGC 5272, NGC 5904 and 
NGC 7006) out of 23 clusters show radial color variation in 
both B-V and U-B, as in 47 Tuc. The remaining 16 clusters show 
nearly uniform colors, and none become significantly bluer towards 
the centre. The filled circles represent the concentric aperture 
measurements , while open circles are the integrated colors of 
Harris and van den Bergh (1974). The cluster core radius is 
also shown in each diagram. 
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FIGURES 2.3~,~,~, 
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stars) ; (ii) 7 of the clusters (NGC 362, NGC 2808, NGC 5024, NGC 5139, 
NGC 5272, NGC 5904, and NGC 7006) are, like 47 Tuc, redder towards their 
centres. The remaining 16 clusters have approximately uniform colors . 
None becomes significantly bluer towards the centre. 
2.2.2.3 Magnitudes And Colors For Annular Regions 
By examining magnitudes and colors for annular regions in clusters, 
defined by differing intensities for two concentric apertures, we get 
two useful checks: (i) an external check on the V magnitude by comparing 
our surface brightness profiles with those of other authors, and (ii) 
for clusters with radial color changes, we can see whether the changes 
are produced, say, by a chance clump of bright red stars in the innermost 
aperture. As examples we take two clusters, NGC 2808 and NGC 5904, 
both of which show radial color changes. 
Tables 2.4~, ~ summarize the results. The columns show (i) the 
diameter (arc min) of the apertures differentiated; (ii) area (arc 
2 
sec) of the resulting annulus; (iii) - (v) V, B-V and U-B for the 
annulus. The remaining columns give errors: see the next section. 
The surface brightness <f > b for each annulus was calculated from 
o s 
column (iii) of Table 2.4. The effective radius r of each annulus e 
1 2 2 ~ is defined as re = [2(r
l 
+ r 2 )] , where r l , r 2 are respectively the 
inner and the outer radii of the annulus. The surface brightness at 
r , f(r ), will be the same as the observed mean surface brightness 
e e 
<f > b for the annular zone. There will be a small correction log f = 
o s 
log <f > + 0 , where 0 was evaluated by King (1 9 66b) as; 
obs 
- log In 
annulus area 
(min) 0" 
.00- .20 111. 22 
.20- .37 282.86 
.37- .75 1175.22 
.75- .93 876.15 
.93-1.49 3789.68 
1. 49-2.28 8484.50 
2.28-3.41 18093.81 
3.41-4.52 24866.99 
.00- .15 60.55 
.15- .25 119.72 
.25- .50 528.48 
.50- .62 389.84 
.62- .99 1672.58 
.99-1.51 3704.16 
1.51-2.26 7966.07 
2.26-2.97 10415.20 
.50- .99 2062.42 
TABLE 2.4a 
MAGNITUDES AND COLORS FOR ANNULAR REGIONS 
NGC 2808 (annuli) 
16" 
V 8-V 
V 8-V U-8 e e e e 
c c sa t 
10.18 .99 .39 .042 .020 .047 .051 
9.39 .94 .32 .036 .007 .033 .034 
8.46 .84 .21 .027 .029 .020 .035 
9.30 .89 .22 .013 .070 .031 .076 
8.21 .87 .25 .016 .010 .018 .021 
8.11 .88 .24 .014 .016 .017 .024 
8.28 .87 .25 .020 .019 .019 .026 
9.06 .85 .21 .020 .007 .027 .027 
24" 
10.93 1.02 .40 .054 .020 .068 .071 
10.15 .94 .32 .021 .025 .046 .052 
9.00 .87 .24 .022 .012 .026 .029 
9.62 .90 .21 .028 .015 .035 .038 
8.43 .90 .25 .030 .011 .020 .023 
8.28 .87 .26 .011 .009 .019 .021 
8.28 .89 .24 .015 .017 .019 .025 
8.96 .90 .25 .042 .016 .026 .031 
8.13 .88 .25 .025 .014 .018 .023 
U-8 
e e 
c sa 
.034 .043 
.028 .029 
.050 .018 
.058 .027 
.028 .016 
.017 .016 
.007 .017 
.047 .024 
.019 .061 
.016 .041 
.015 .023 
.017 .032 
.005 .018 
.012 .017 
.025 .017 
.015 .023 
.010 .016 
e 
t 
.054 
.040 
.053 
.064 
.032 
.023 
.018 
.053 
.064 
.044 
.028 
.036 
.019 
.021 
.030 
.028 
.019 
Continued 
"'" w 
annulus area 
(min) " V 8-V 
.00- .20 111.22 10.82 .94 
.20- .37 282.86 10.04 .81 
.37- .75 1175.22 9.01 .67 
.75- .93 876.15 9.76 .72 
.93-1. 49 3789.68 8.41 .70 
1.49-2.28 8484.50 8.08 .73 
2.28-3.41 18093.81 8.04 .78 
3.41-4.52 24866.99 8.69 .72 
. 00- .15 60.55 11.28 1.03 
.15- .25 119.72 10.79 .77 
.25- .50 528.48 9.63 .65 
.50- .62 389.84 10.28 .62 
.62- .99 1672.58 8.80 .73 
.99-1.51 3704.16 8.43 .70 
1.51-2.26 7966.07 8.22 .71 
2.26-2.97 10415.20 8.60 .78 
TABLE 2.4b 
NGC 5904 (annuli) 
16" 
V 
U-8 
e e 
c c 
.35 .042 .042 
.15 .009 .040 
.06 .010 .010 
.10 .024 .019 
.08 .020 .030 
.08 .005 .018 
.13 .012 .018 
.14 .010 .018 
24" 
.43 .038 .030 
.23 .007 .013 
.04 .007 .003 
.03 .007 .010 
.13 .000 .007 
.09 .009 .010 
.14 .006 .010 
.17 .007 .010 
8-V 
e e 
sa t 
.109 .116 
.071 .082 
.042 .043 
.060 .063 
.032 .044 
.028 .033 
.028 .033 
.037 .041 
.140 .143 
.099 .100 
.055 .055 
.073 .074 
.039 .039 
.032 .034 
.030 .031 
.036 .038 
U-8 
e e 
c sa 
.037 .097 
.020 .064 
.018 .037 
.020 .054 
.020 .029 
.030 .025 
.034 .025 
.023 .033 
.007 .126 
.013 .089 
.007 .049 
.000 .065 
.003 .035 
.013 .029 
.010 .027 
.010 .032 
e 
t 
.104 
.067 
.042 
.058 
.035 
.039 
.042 
.040 
.126 
.090 
.050 
.065 
.035 
.032 
.028 
.034 
"" 
"" 
r 
e 
log r 
e 
I 
an 
log < f> b 
a s 
6 
log f 
e 
sa 
r 
e 
log r 
e 
I 
an 
log <f > 
obs 
6 
log f 
e 
sa 
TABLE 2. Sa 
S URFACE BRIGHTNESS DISTRIBUTION FROM CONCENTRIC APERTURE MEASUREMENTS 
NGC 2808 
16" 
. 0 701 .1495 .2946 .4213 .6194 .9625 1. 4498 
-1.1541 -.8255 -.5307 -.3754 -.2080 -.0166 .1613 
.8472 1. 7539 3.1305 1. 9055 5.2000 5.7016 4.8753 
-2.1182 -2.2076 -2.4541 -2.6626 -2.8626 -3.1726 -3.5695 
-.0008 -.0031 -.0183 -.0038 -.0217 -.0222 -.0210 
-2.1190 -2.2107 -2.4724 -2.6664 -2.8843 -3.1948 -3.5906 
.0425 .0296 .0193 .0284 .0172 .0164 .0177 
24" 
.0517 .1032 .1982 .2827 .4136 .6393 .9616 
-1. 2862 -.9864 -.7028 -.5487 -.3834 -.1943 - .0170 
.4246 .8710 2.5119 1. 4191 4.2462 4.8753 4.8753 
-2.1541 -2.1382 -2.3230 -2.4389 -2.5954 -2.8807 -3.2132 
-.0002 -.0007 -.0077 -.002l -.0151 -.0184 -.0195 
-2.1543 -2.1389 -2.3307 -2.4410 -2.6105 -2.8991 -3.2327 
1: .0601 .042 .0247 .0329 .0190 .0177 .0177 
2.0003 
.3011 
2.3768 
-4.0196 
-.0109 
-4.0305 
.0254 
1.3180 
.1199 
2.6062 
-3.6017 
-.0097 
-3.6114 
.0243 
.3922 
-.4065 
5.5976 
- 2 . 5664 
- .0277 
-2.5941 
.0165 
c ontinued 
"'" lJ1
r .0701 .1495 .2946 
e 
log r -1.1541 -.8255 -.5307 
e 
I .4699 .9638 2.4889 
an 
log <f> b -2.3742 -2.5036 -2.6621 
o s 
6 -.0001 -.0004 -.0040 
log f -2.3743 -2.5040 -2.6660 
e ±.0995 .0693 .0431 
sa 
r .0517 .1032 .1982 
e 
log r -1. 2862 -.9864 -.7028 
e 
I .3076 .4831 1. 4060 
an 
log <f > b -2.2941 -2.3942 -2.573 
o s 
6 0.0000 -.0001 -.0011 
log f -2.2941 -2.3943 -2.5741 
e ± .1227 .0979 .0574 
sa 
TABLE 2.5b 
NGC 5904 
16" 
.4213 .6194 
-.3754 -.2080 
1. 2474 4.3251 
-2.7986 -2.9386 
-.0013 -.0112 
-2.7999 -2.9498 
.0609 .0327 
24" 
.2827 .4136 
-.5487 -.3834 
.7727 3.0200 
-2.7009 -2.7414 
-.0005 -.0050 
-2.7014 -2.7464 
.0774 .0392 
.9625 
-.0166 
5.8614 
-3.1606 
-.0160 
-3.1766 
.0281 
.6393 
-.1943 
4.2462 
-2.9407 
-.0098 
-2.9505 
.0330 
1.4498 
.1613 
6.0814 
-3.4895 
-.0180 
-3.5075 
.0276 
.9616 
-.017 
5.1523 
-3.1872 
-.0141 
-3.2013 
.0300 
2.0003 
.3011 
3.3420 
-3.8636 
-.0101 
-3.8737 
.0372 
1. 3180 
.1199 
3.6308 
-3.4577 
-.0081 
-3.4658 
.0357 
"'" 
'" 
where x . = 
~ 
2 (r . /r ) ; 
~ c 
i = 1 , 2 and r is the core radius define d from 
c 
the simple luminosity profile f = f(o)/(l + (r/r )2). Tables 2 . 5a , b 
c 
give the surface brightness data for annuli of the two clusters . The 
rows give (i) - (ii) r in arc min; 
e 
(iii) I , the total intensity 
an 
in the annulus , in units of V = 10.00 mag; (vi) log <f > b ' the mean 
o s 
-2 
surface brightness in the annulus , in units of V = 10 . 00 mag arc sec 
(v) the correction 0 ; 
(see ne xt section). 
(vi) log f (r ) . 
e ' 
(vii) e , the sampling error 
sa 
Figures 2 . 4 and 2.5 show the colors and surface brightnesses 
for the annuli. From Figure 2.4 we see that the radial color gradient 
shows up in several annuli , which sugges ts strongly that it is not due 
to a chance c l ump of bright r e d stars near the centre. Figure 2 . 5 
compares the surface brightne ss profiles der ived from our photomet ry 
with those of Illingworth (19 73, for NGC 2808) and King (1966~; 
King e t al. 1968 for M5) - the agreement is obviously e xcellent. 
2 . 2.3 Sources Of Error 
47 
Now we must consider the var ious sour ces of error that contribute 
to the total uncer tainty in these p hotoe lectric observations . King 
( l966b) and Illingworth (1973) have already discussed these problems 
thoroughly . The main sources of error are (i) centering errors 
associate d with un cer tainties in c e ntering the aperture on the cluster , 
(ii) sampling errors associated with fluctuations in the finite number 
of clust r s tars include d in the ap r ure , (iii) bac kground fluctuations 
due to field stars and systematic errors in the adopted background 
l e ve l , and (iv ) photome tric errors . They show that the sampling and 
centering errors are the dominant ones and only these will be 
considered here . 
FIGURES 2.4~,~ 
B-V and U-B as a function of cluster radius for a NGC 2808 
and b NGC 5904. The colors for these annular regions also show 
the radial color gradients as in the concentric aperture measurements 
which suggests that the radial color gradient is not due to a chance 
clump of bright red stars near the centre. 
FIGURES 2.5a,b 
The surface brightness profiles of a NGC 2808 and b NGC 5904 
(which show color variations) agree very well with other independent 
data (Illingworth 1973; King 1966~, King et al. 1968). This also 
suggests that the radial color gradient is not due to a few bright 
stars near the centre. 
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2.2.3.1 The Centering Erro r 
Because we have at least 5 indp-pendent observations of each 
cluster, we have an external estimate of the centering (including 
photometric) errors from the scatter of the measures about their 
mean for each aperture. This is the error e given in Table 2.3 
c 
and 2.4 for each of V, B-V, and U-B. 
2.2.3.2 The Sampling Error 
The random distribution of stars causes some statistical 
fluctuations in the surface brightness and color. This discussion 
follows King (1966~). Say the cluster has several classes of star, 
and there are N. stars of luminosity L., the total luminosity L is 
1 1 
then L = LN.L.. Because each number N. has an uncertainty N ~ and 1 1 1 i 
variances add, the mean relative error is 
2 ~ 
aiL = ( LL. N.) I LL.N .. 1 1 1 1 
-~ 
For similar luminosity functions aiL is then proportional to L 
Using Sandage's (1957) luminosity function for M3, from stellar 
M = -2.5 to M +6.5 (fainter stars contribute an insignificant 
v v 
amount of light), Illingworth (1973) derived (a/L)v = 0.026 for M3. 
The photographic luminosity function gives (a/L)B = 0.020. 
King (1966~) investigated sampling errors in the color. Let 
50 
the integrated blue and visual luminosities be 1s' LV respectively; 
then the color C = 2.5 log L~LB' The mean error in the color is 
2 2 then a = (1.085) LN. (L ./L -L . /L ) . Following King , we calculated 
c 1 V1 V B1 B 
the sampling errors for the B-V, U-B colors using the luminosity 
function of M3 derived by Sandage (1957). The mean colors were 
es timated from the mean c-m diagram of Sandage (1970). using the 
TABLE 2.6 
EXTERNAL ESTIMATE OF SAMPLING ERROR POR EACH CLUSTER 
NCC 1851 
r/rc .63 1.04 2.08 4.13 6.29 9.42 12.38 
(U-8) - (U-8) 
.01 . 00 . 02 . 01 .00 .00 .00 (U-8) • 0.07 
(8-V) - (B-V) -.01 .00 .01 .01 .00 .00 -.01 (B-V) • 0.78 
esa(u_S) .051 .032 .022 .016 .015 .013 .OB 
e 
.057 .036 .024 .018 .016 .015 .014 Sa(B-V) 
Nee 5824 
r/rc 1. 25 2.08 4.17 8.25 12.58 18.83 24.75 1.67 3.08 6.25 7.75 12.42 19.00 28.42 37.67 
(o-B) - (U-B) .07 . 01 .02 .01 .00 . 00 -.01 .09 .02 . 01 .01 .00 .00 -.01 -.02 (U-8) • O.ll 
(B-V) - (B-V) -.04 .01 - . 02 -.01 .00 .00 -.02 .04 - . 01 .00 . 00 .00 .00 .02 . 01 (B-V) • 0.75 
esa(U-B) .049 .032 . 018 .018 .016 .016 .015 .036 .030 . 023 .018 . 016 .016 . 015 .015 
e sa (8-V) .055 .036 .020 .020 .018 .017 .017 .040 .034 .026 .020 .018 .017 . 016 . 016 
NOC 6093 
r/rc .63 1.04 2.08 2.58 4.13 6.29 9.42 12.38 .83 1. 54 3.B 3.88 6.21 9 . 50 14.21 18.83 
(U-B) - (o-B) .03 .01 .00 .00 .00 .00 .00 . 00 . 06 .02 .00 .00 .00 .00 .00 .00 (U-B) • 0. 21 
(B-V) - (B-V) .03 . 00 .00 .00 . 00 .00 . 00 . 00 .01 .02 .00 .00 .00 .00 . 01 .01 (B-V) • 0.82 
e sa (U-B) .063 .043 .027 . 025 .021 .018 .016 .016 .058 .035 .024 .022 .018 .016 .015 .015 
e 
.070 .047 . 031 .028 .023 .020 .018 . 018 .065 .039 .027 .024 .020 .018 .017 .016 Sa (B-V) 
NCC 6266 
r/r
c .30 .50 1.00 1. 24 1. 98 3.02 4.52 5.94 (U-8)-(U-B) -.04 
-.02 -.01 -.01 .00 .00 .00 .00 (U-8) • 0.51 
(B-V) - (H) 
-.04 
-.02 -.02 .00 .00 .00 .00 .00 (ii=V) • 1.14 
e 
sa IU-B) . 089 .055 .e )) . 029 .022 .018 . 016 .015 
e sa (B-V) .099 .061 .037 .0)) .024 .020 .017 .016 
Continued 
V1 
...... 
r/rc .23 .39 .78 .97 1. 55 2.36 
(tJ-B) - (U-B) .04 -.01 -.01 .00 .01 .00 
(B-V) - (B-V) -.01 .01 -.01 -.01 .00 .01 
ell&(tJ-B) .048 .on .020 .018 .015 .012 
e •• (B-V) .053 .037 .022 .020 .016 .014 
r/rc .50 .83 1.67 2.07 3.30 5.03 
(tJ-B) - (tJ-B) .04 .03 -.01 -.01 -.01 .00 
(B-V)-(1Pl) 
-.01 .00 .01 .00 .00 .00 
e •• (tJ-B) .035 .021 .Oll .012 .010 .008 
e •• (B-V) .039 .023 .015 .013 .011 .009 
r/rc .50 .83 1.67 2.07 3.30 5.03 (tJ-B)-(tJ-B) 
.02 .03 .01 .01 .01 .00 (B-V)-(B-V) 
-.02 .00 .00 -.01 .00 .00 
e •• CtJ-B) .036 .021 .014 .OU .010 .009 
e •• (B-V) .040 .024 .015 .014 .011 .010 
r/rc _ .63 1.04 2.08 2.58 4.13 6.29 CtJ-B)-(tJ-S) 
-.01 .00 -.04 -.02 .02 .01 
CB-V) - (T-V) .00 -.02 .00 .00 .03 .01 
e •• (tJ-B) .109 .075 .050 .045 .037 .Oll 
e •• CB-V) .121 .084 .056 .050 .039 .034 
TABLE 2.6 
HOC 6356 
3.53 4.64 
.01 .02 (0-11) • 0.56 
.00 .00 (II-V) • 1. 12 
.011 .011 
.013 .012 
HOC 6388 
7.53 
.00 (u=t) • 0.62 
.00 (B-V) • 1.18 
.008 
.009 
HOC 6441 
7.53 .67 1.23 2.50 
.00 .01 .00 .02 
.01 -.02 .00 .00 
.008 .024 .017 .012 
.009 .027 .019 .Oll 
HOC 6522 
9.42 
.00 (u:i) • 0.64 
.02 clr-V) • 1. 20 
.029 
.031 
3.10 4.97 
.00 .01 
.00 .00 
.011 .009 
.012 .010 
7.60 
.00 
.00 
.008 
.009 
10-11) • 0.78 
C8-V) • 1. 27 
Continued 
lJl 
tv 
rlre .23 .39 .78 
(U-B)-(tJ=W) .02 .00 -.01 
(B-V)-(B-V) .00 -.03 -.03 
e .. (o-B) .103 .066 .041 
e •• (B-V) .ll5 .074 .046 
rlre .23 .38 .76 
(U-B)-(o-B) 
-.02 -.02 -.02 
(B-V) - (B-V) -.02 -.04 -.04 
e •• (o-B) .ll4 .069 .040 
e 
.128 .077 .045 
•• (B-V) 
rlre _ .68 1.14 2.27 
(o-B) - (o-B) .00 .00 -.01 
(B-V) - (1FV) . 00 -.01 -.01 
e •• (o-B) .036 .023 .016 
e •• (B-V) .040 .026 .018 
rlre .15 .25 .50 
(U-B) - (U-B) .05 .00 -.02 
(B-V) - (B-V) . 08 .00 -.04 
: .. (U-B) .140 .086 .053 
•• (B-V) .157 .097 .059 
.97 1.55 2.36 
.01 .00 .00 
-.02 -.01 .00 
.035 .027 .023 
.039 .Oll .025 
.94 1. SO 2.29 
.00 .00 .00 
-.01 .01 .01 
.03' .025 .020 
.038 .028 .022 
2.82 4.50 6.86 
-.01 .00 .00 
-.01 .00 .00 
.015 .012 .Oll 
.016 .014 .012 
.62 .99 1. 51 
-.03 .00 .00 
-.05 .00 .00 
.047 .036 .029 
.053 .040 .032 
3.53 
.00 
.01 
.020 
.022 
3.42 
.00 
.00 
.017 
.019 
10.27 
.00 
.00 
.010 
.Oll 
2.26 
.02 
.02 
.024 
.027 
TABU 2.6 
HOC 6541 
4.64 
.00 
.00 
.018 
.020 
HGC 6637 
4.50 
.00 
.00 
.016 
.018 
HGC 6715 
13.50 
.00 
-.01 
.010 
.Oll 
HGC 6752 
2.97 
.02 
.02 
.022 
.024 
(U-B) • 0.14 
(B-V) .. 0.75 
(o-B) • 0.46 
(B-V) .. 0.99 
(o-B) .. 0.25 
(B-V) • 0.84 
(o-B) .. 0.06 
(B-V) .. 0.65 
l.n 
W 
r/rc .83 1. 39 2.78 3.44 (o-B)-(iRi) .03 .02 .00 -.01 
(B-V) - (B-V) .01 .01 .00 -.01 
e 
sa (o-B) .028 .018 .013 .012 
esa(B-V) .031 .020 .014 .013 
r/rc .44 .80 1.63 2.02 
(o-B)-(o-B) .01 .00 . ()() .00 
(B-V)-(B-V) -.02 -.03 -.01 -.01 
eSa(U-B) .037 .028 .019 . C·.7 
e .. (B-V) .042 .031 .021 .019 
r/rc .25 .46 .94 1.16 
(U-B)-(o-B) -.02 -.01 -.01 -.02 
(B-V) - (B-V) 
-.04 -.06 -.03 -.02 
esa(o-B) .048 .0)) .019 .016 
e 
sa(B-V) .054 .037 .021 .018 
r/rc .63 1.04 2.08 2.58 
(o-B) - (o-B) -.02 -.03 -.04 -.02 
(B-V) - (B-V) -.07 -.11 -.09 -.07 
esa(o-B) .114 .072 .049 .043 
eSa(B-V) .128 .080 .055 .047 
5.50 8.39 12.56 
-.01 .00 .00 
-.01 .01 .00 
.010 .009 .008 
.011 .010 .009 
3.24 4.96 7.41 
.00 .00 .00 
.00 .00 .00 
.014 .012 .011 
.015 .014 .012 
1.86 2.85 4.26 
. ()() .00 .01 
-.01 .00 .00 
.013 .Oll .010 
.014 .012 .011 
4.13 6.29 9.42 
-.02 .00 .00 
-.04 .00 .02 
.034 .028 .025 
.038 .031 .028 
TABLE 2.6 
MOC 6864 
16.50 
.00 (U-B) • 0.28 
.00 (B-V) • 0.86 
.008 
.009 
NGC 7078 
9.83 
.00 (U-B) • 0.05 
.00 (B-V) • 0.68 
.011 
.012 
MOC 7089 
5.65 
.00 (o-B) • 0.08 
.00 (B-V) • 0.67 
.009 
.010 
MOC 7099 
12.38 
.00 (o-B) • 0.06 
.02 (B-V) • 0.57 
.023 
.026 
V1 
.t:> 
distance modulus m-M = 14.83 for M3 (Sandage 1970), we calculated the 
sampling errors associated with fluctuations in the number of stars 
with -2.5 < M < 6.5. For an integrated absolute magnitude of 
v 
M 
v 
-8.5, we found (oiL) 
B 
0.019, a = 0.51( o/L) and a B-V B U-B 
0.46( o/L)B' Sampling errors were calculated for all the cluster 
observations, and they appear as e in Table 2.3b, 2.4 and 2.5. From 
sa -
the centering and sampling errors, the total error 
2 
e = (e t c 
2 ) ~ + e 
sa 
was calculated, and this also appears in the tables. 
For 16 of the 23 clusters measured through concentric apertures, 
there were no significant radial color changes. Since the centering 
errors are small (~ 0.04 in color) and because no clusters are bluer 
towards their centres, this s uggests that clusters which appear to be 
radially uniform are truly radially uniform (i.e. their apparent 
radial uniformity is not the result of sampling error). We can then 
use these 16 clusters to derive an external estimate of the sampling 
error. 
Table 2.6 shows (B-V)-(B-V) and (U-B)-(U-B) against aperture 
radius for these 16 clusters: (B-V), (U-B) are the cluster's mean 
colors. This data represents samples of 16 independent clusters, so 
the distribution of (B-V)-(B-V), etc., should give a reliable external 
e stimate of the typical sampling error. We need to compare this 
external estimate with the theoretical estimate e 
sa 
To make the 
clus ters more directly comparable, we have scale d the aperture radii 
to the core radius for each cluster. We can then compare the two 
e stimates of the sampling error as a function of radius. Table 2.6 
also gives the theoretical value e for e ach measurement (rows iv 
sa 
and v). 
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r/r No. E Points ext c 
0- 1 37 0.0306 
1- 2 21 0.0293 
2- 3 21 0.0270 
3- 4 12 0.0052 
4- 5 13 0.0158 
4- 6 5 0.0050 
6- 7 7 0.0041 
7- 8 5 0.0050 
8-10 8 0.0120 
10-14 8 0.0090 
14-38 8 0.0125 
mean weight 
TABLE 2.7 
EXTERNAL ESTIMATE OF SAMPLING ERROR 
8-V 
E 
s.d ext e e 
±0.0076 0.585 ± .153 0.0236 
0.0117 0.569 .149 0.0279 
0.0134 0.640 .183 0.0175 
0.0020 0.272 .135 0.0085 
0.0021 0.481 .055 0.0126 
0.0026 0.407 . 22 4 0.0050 
0.0021 0.111 . 060 0.0058 
0.0026 0.497 .241 0.0050 
0.0036 0.522 .153 0.0038 
0.0022 0.491 .081 0.0000 
0.0020 0.714 .111 0.0093 
0.481 ±0.140 
U-8 
e s.d 
±0. 0034 0.562 
0.010 1 0.796 
0. 0037 0.661 
0. 0017 0.575 
0. 0019 0.775 
0.0026 0.447 
0.0004 0.205 
0.0026 0.248 
0.0020 0.196 
0.000 
0.0011 0.577 
0.504 
e 
±.133 
.167 
.149 
.153 
.170 
. 247 
. 011 
. 123 
. 101 
.061 
±0.132 
111 
'" 
Table 2 . 7 shows these external estimates. The columns are 
( i) the interval in r/r ; 
c 
( ii) the number N of data points in each 
interval; ( iii) the external estimate of the sampling error , as 
(iv) the mean error of 
E . 
ext' (v) the standard deviation of the distribution of 
[(B-V)-(B-V)]/e in each interval: this standard deviation should 
sa 
be : 1 if e is a good estimate of the real sampling error; (vi) 
sa 
the mean rror of this standard deviation. Columns (vii) - (x) give 
the corresponding numbers for U-B. 
with r/r for both colors. 
c 
Figure 2.6 shows the run of E 
ext 
Columns (v) and (ix) of Table 2 . 7 show that the mean standard 
deviations (s . d.) of [(B-V)-(B-V)]/e and [(U-B)-(U-B)]/e are only 
sa sa 
about 0 . 5 . This means that the external estimates of the sampling 
errors in B-V , U-B , based on the concentric aperture measures for 
these 16 clusters , are about 50 per cent of the theoretical estimates 
based on the LF of M3 . The reason for this difference is not yet 
clear, and we have used the larger (theoretical) value for e in 
sa 
Tables 2.3b , 2 . 4 and 2.5. 
Because of this difference, it seemed worthwhile to make 
another external estimate of the real sampling error, this time from 
the spot measurements for 47 Tuc. From the data in Table 2.2 we have 
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derived the ratios a I( O/L) and a /(O/L) for the spot measurements B-V B U-B B 
in the inner region (1-3 arc min) and in the outer region (4-6 arc min) . 
(In this computation we assume (O/L)V = 1.3( O/L)B' following King (1966£) . ) 
The results are given in Table 2.8 where the rows give (i) the radii 
of the region , (ii) the observed ratio a I(O/L) together with its B-V B 
standard error and (iii) the observed ratio 0U_B/(O/L)B and its standard 
error. 
FIGURE 2.6 
The e xternal estimated sampling errors in 8-V and U-8 
from the 16 clusters having no radial color variations . Note 
that these e rrors are smaller than the theoretical estimates 
(King 1966b). 
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TABLE 2.8 
THE RATIO OF EXTERNAL ERROR OF SPOT MEASUREMENTS IN 47 TUC 
r(min) 1-3 4-6 
a I( O/L) 8-V 8 0.33 ± 0.069 0.57 ± 0.115 
a / (O/L) U-8 8 0.30 ± 0.047 0.58 ± 0.128 
We can see from Table 2.8 that in the inner region, where the color 
variations occur, the ratios are smaller than in the outer region. 
In both cases the result is significant at the - 20 level. We 
tentatively conclude, therefore, that while the ratio a I(o/L) 8-V 8 
is the same in the outer regions of 47 Tuc as was computed by King 
(1966b) for M3 [08_'/(0/L)8 = 0.5], the ratio is somewhat lower in 
the central regions. While, as before, the origin of this dichotomy 
is not clear, r e sults of this and tile preceding paragraph lead us 
to conclude that the relation a = 0.5(0/L) derived by King (1966b) 8-V 8 
does not hold for all globular clusters, and that the sampling errors 
adopted in Tables 2.3b, 2.4 and 2.5 are probably overestimated. 
2.3 CONCLUSIONS 
(1) The spot measurements for 47 Tuc show a clear radial change in 
the U-8, 8-V colors. 80th colors become bluer, by about 0.1 mag, 
with increasing radius. 
(2) Concentric aperture measures for 23 clusters showed that 7 clusters 
are, like 47 Tuc, redder towards their centres. The remainders have 
approximately uniform colors. 
In Chapters 3 and 4 we attempt to find the origin of the color 
changes in 47 Tuc, and then in Chapter 5 discuss more generally the 
occurrence of color gradients in globular clusters. 
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PHOTOGRAPHIC OBSERVATIONS OF 47 TUC 
3.1 INTRODUCTION 
The spot measurements described in Chapter 2 showed that the 
integrated B-V and U-B colors, and possibly the CN index, decrease 
with radius in 47 Tuc. A similar effect was seen for the colors of 
7 clusters from the sample of 23 observed through concentric apertures. 
It is obviously important to find the reason for these variations. 
From the ratio of the B-V to U-B changes, it seems most unlikely that 
internal reddening is responsible . This suggests that maybe radial 
changes in the cluster's luminosity function, or in the gross mor-
phology of its color-magnitude (c-m) diagram, produce the color changes. 
47 Tuc is close enough (m-M = 13.4, Sandage 1964) to test these 
possibilities directly, by measuring magnitudes and colors of its 
stars and then studying the radial structure of its c-m diagram and 
luminosity function. The photographic observations for this test are 
the subject of this chapter. 
The first question when preparing this program was how faint 
should we attempt to work. We decided to measure stars not fainter 
than about m = 15 mag (for r ~ 5 arc min, while m = 16 mag for 
v v 
r > 5 arc min) for these reasons; 
(1) the radial color changes occur within r ~ 5 arc min. Now although 
47 Tuc is close, its high concentration (concentration class III, 
Schmidt 1956, log (r /r )= 2.03, Illingworth 1973) makes photometry 
t c 
difficult in the inner parts . Some test for r ~ 4 arc min showed 
that measures of stars fainter than about m v 15.5 would be 
significantly incomplete and affected by background effects. 
Although we could work to fainter limits outside this region, 
there is no real point in doing so because r ~ 4 arc min is the 
region of most significance for this problem. 
(2) the luminosity function of M3 by Sandage (1957) showed that 70% 
of the total light comes from the stars brighter than 1 mag 
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below the horizontal branch stars. This means that most of the 
integrated light comes from the brighter stars in globular clusters. 
Because these stars are brighter, the radial changes in the 
morphology or population of the horizontal branch (HB) and upper 
giant branch (GB) will affect the radial color distribution much 
more than, say, changes in the subgiant branch. 
(3) there are unlikely to be radial changes in the relative numbers 
of main s equence and evolved stars due to collisional relaxation, 
because (a) we will see in Chapter 5 that the clusters showing 
color changes are those with the longest relaxation times, and 
(b) the radial color changes derived from some relaxed cluster 
models computed by Da Costa (personal communication) are much 
smoother and have a significantly smaller amplitude (less than 
0.05 mag in B-V) than those observed for 47 Tuc. This leaves 
radial changes in the morphology or population of the evolved 
part of the c-m diagram as the most likely cause of the observed 
color changes. However we know from stellar evolutionary 
theory (Hoyle and Schwarzschild 1955; Demarque and Geisle 1963; 
Iben and Rood 1970; Rood 1972; Iben 1972) that in this part 
of the c-m diagram, the HB and GB are mos t s ensit i ve to change 
in fundamental quantities (like metal abundance). 
So, partly because of observational constraints, but also 
for astrophysical reasons described above, we decided to take 
m = 15 mag as the faint limit for this photometry (this is well 
v 
below the HB of 47 Tuc which lies at m = 14.1). 
v 
3.2 PREVIOUS OBSERVATIONS 
The c-m diagram for the outer part of 47 Tuc was obtained 
by Wildey (1961) for stars brighter than m ~ 15, and it was extended 
v 
to the mainsequence by Tifft (1963b). Late r p hotoe l e ctric observations 
by Menzies (1973) showed a systematic error in Tifft's (1963b) data 
for the brighter stars (m < 16). This is confirmed by photoelectric 
v 
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data obtained by Cannon (1974), Hartwick and Hesser (1974) and Lee (1976), 
all of which agrees well with Menzies' results (1973). No direct 
comparison was made with Eggen's data (1972), however they lie on the 
same loci in the c-m and two-color diagrams with Menzies (1973) and 
Cannon (1974). 
For our work the GB and HB of 47 Tuc are of most interest; they 
are both significantly different from those of most other clusters. 
Stars at the tip of the giant branch are less luminous and redder 
than those in most other clusters (Brooke 1969, Eggen 1972). Their 
spectra show TiO bands (Feast and Thackeray 1960) and infrared photo-
metry (J, H, K, L; 1.25 - 3.5~) shows that the giants lie close to 
the population 1 giants in the [(R-I) , (J-K) ] plane (Glass and Feast 
o 0 
1973). The metal abundance derived by Feast and Thackeray (1960), 
McClure and Osborn (1974) and the adopted value by Hartwick and Hesser 
(1974) is [Fe/H] = -0.5 with respect to the sun, which is consistent 
with the cluster's integrated spectral type G3. On the horizontal 
branch, there are very few blue or yellow HB stars or RR Lyrae stars; 
almost all the HB stars are red, with B-V be tween approximately 0.7 
and 0.9. 
The foreground reddening for 47 Tuc has been estimated by 
several authors, as summarized in Table 3.1. 
E (B-V) 
0.00 ± 0.02 
0.01 ± 0.01 
0.07 ± 0.01 
0.03 ± 0.08 
0.08 ± 0.06 
0.00 - 0.08 
0.04 ± 0.04 
0.05 
0 . 0 4 ± 0 . 0 1 
0.04 
0.02 ± 0.02 
TABLE 3.1 
REDDENING E(B-V) FOR 47 TUC 
Method 
Field stars 
SMC stars 
SMC stars 
Integrated color 
Integrated color 
SMC stars and BHB 
SMC stars 
From the CSC law 
Field stars 
Adopted 
Adopted 
star 
Eggen (1961) 
Arp (1958a) 
Author 
Feast et ;3L (1960) 
van den Bergh (1967) 
Racine (1973) 
Menzies (1973) 
Cannon (1974) 
Sandage (1973) 
Lee (197 6 ) 
Hartwick and Hesser (1974) 
Illingworth (1973) 
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0.07 
0.04 ± 0.06 
Integrated color 
G-band index 
Harris and van den Bergh (1974) 
Koehler (1965) 
0.03 C-M diagram Eggen (1972) 
0.04 ± 0.04 Adopted Burstein and McDonald (1975) 
In this thesis we take the reddening as E(B-V) 0.00. 
3.3 OBSERVATIONS 
Because 47 Tuc has a large angular extent (44 arc min) and is 
highly concentrated it was necessary to acquire a collection of large 
and small-scale plates so that both the inner and outer regions could 
be adequately photometered. To reduce background problems in the 
inner regions, both fixed and variable iris photometry techniques were 
used; these are discussed below. The purpose of this photometry is to 
derive B and V magnitudes for as many cluster stars as possible, with 
m ~ 15.0. The magnitudes and colors can then be used to study the 
v 
radial structure of the brighter parts of the c-m diagram and luminosity 
fun c tion. 
3.3.1 Photographic Plates 
The 40-inch telescope at Siding Spring Observatory was used to 
acquire plates for this work. The telescope was used at the two 
Cassegrain foci; -1 -1 f/8 (25.2 arc sec mrn ) and f/18 (11.2 arc sec mrn ). 
The field of good definition is about 40 arc min diameter at f/8 and 
about 25 arc min at f/18. The plate filter combinations are; 
V 103aD or IIaD with 2mrn Schott GG14 
B IIaO with 2mrn Schott GG13. 
Some of the plates were taken by Dr. Freeman and Mr. Lee who kindly 
lent them to the author. All plates were developed in 0-19 at 200 C 
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for 5 minutes, fixed in acid fixer and washed in filtered water. Details 
of these plates are listed in Table 3.2. 
TABLE 3.2 
PLATES MEASURED 
No. Filter f/ratio expo time (min) 
2159 103aD + GG14 f/8 45 
2160 " " 15 
2161 " " 5 
2162 " " 2 
2801 IraQ + GG13 " 10 
2802 103aD + GG14 " 10 
2803 IraO + GG13 " 10 
2805 IraO + GG13 " 10 
2806 103aD + GG14 " 10 
2952 IraO + GG13 " 2 
2953 " " 5 
29 54 103aD + GG14 " 5 
2955 " 2 
3175 IraO + GG13 f/18 10 
2948 " " 10 
3171 103aD + GG14 " 10 
3021 IIaD + GG14 1.5 
3020 IIaD + GG14 " 2 
3388 103aD + GG14 8 
3389 IraO + GG13 " 8 
3390 103aO + GG13 " 8 
3391 103aD + GG14 " 8 
3017 IraO + GG13 2 
3019 IraD + GG14 " 5 
3.3.2 Standard Stars and Plate Reduction 
Stars measured photoelectrically by Menzies (1973) were used 
as standards for the f/8 plates: the star M32 was not used because 
all plates gave an unacceptably large difference between photoelectric 
and photographic magnitude (more than 0.2 mag both in V and B) . 
Menzies' stars lie between 14 and 22 arc mins from the cluster centre. 
The plates were measured with the Sartorius Iris photometer 
at Mt. Stromlo Observatory . This is a dual beam system: the iris 
diaphragm, which is controlled by a servo motor changes its diameter 
to balance the intensities of the measuring and comparison beams. 
The iris diameter is encoded via a shaft encoder which in turn feeds 
a card punch. Plate and star identifications are entered and punched. 
The comparison beam intensity can be adjusted with an optical 
wedge. For a single setting of this wedge it was not possible to 
cover the entire magnitude range so we measured the brighter (m < 14) 
v 
and fainter (m > 14) stars separately. 
v 
The measuring procedure is as follows: 
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(1) adjust the plate tilt so that the emulsion remains in focus when the 
plate carriage is moved to the extreme positions, 
(2) set iris on a star of suitable magnitude (m ~ 12.5 and m = 14.5 v v 
for the brighter and fainter stars respectively) and balance the 
two beams with the comparison beam wedge, 
(3) measure standard stars (these were measured every hour to check 
on system drift) , 
(4) measure program stars (these were measured in 6 annular zones 
extending from r - 1 arc min to r - 26 arc min from the cluster 
centre) . 
66 
TABLE 3.3 
STANDARD SEQUENCE AND ITS MEAN ERROR 
Photoelectric Photographic 
STAR V B-V V B-V EV EB 
1 14.54 .90 14.54 .91 .01 .00 
2 14.36 .98 14.35 .93 .01 .00 
3 13.94 .91 14.08 .84 .10 .02 
4 15.69 .76 15.70 .78 .00 .03 
5 14.08 .79 14.05 .81 .01 .05 
6 13.72 1. 09 13.77 1.05 .02 .03 
7 13.00 1. 26 12.97 1. 29 .02 .04 
8 12.50 1.40 12.47 1.40 .04 .01 
9 14.78 .99 14.80 .93 .04 .01 
10 14.05 .87 14.03 .89 .02 .01 
11 12.22 1. 51 12.20 1.49 .00 .02 
12 12.21 1. 48 12.21 1.45 .02 .00 
13 11.92 1. 60 11.93 1. 58 .01 .01 
14 13.62 1. 08 13 .61 1.09 .02 .02 
16 15.66 .92 15.69 .83 .02 .04 
18 4.30 .84 14.39 .69 .02 .00 
19 14.60 .95 14.59 .90 .02 .02 
20 14.92 .89 14.97 .89 .03 .00 
21 14.15 .86 14.11 .85 .01 .02 
22 15.33 .87 15.32 .91 .01 .04 
23 15.08 .91 15.04 .89 .01 .04 
24 13.83 1.10 13.83 1.11 .01 .00 
25 12.82 1.30 12.83 1. 31 .03 .01 
26 15.79 .88 15.77 .9 2 .02 .01 
27 12.84 1.08 12.87 1.08 .02 .02 
28 12.15 1.47 12.17 1.49 .01 .04 
29 15.73 .52 15.72 .62 .03 .02 
30 12.37 1. 07 12.37 1.10 .01 .02 
31 14.08 .84 14.10 .83 .04 .02 
33 14.41 .99 14.51 .95 .01 .02 
34 14.14 .78 14.07 .84 .01 .02 
35 14.08 1.07 14.11 1.10 .03 .04 
36 13.41 .64 13.43 .64 .04 .01 
37 14.29 .99 14.30 1.04 .06 .05 
38 14.16 1. 02 14.20 1.06 .01 .02 
39 13.99 1. 00 13.98 1.02 .04 .01 
40 12.83 1.17 12.82 1.17 .03 .05 
41 14.58 .65 14.57 .66 .05 .02 
42 14.62 .91 14.58 .94 .07 .03 
43 13.95 .90 13.89 .92 .05 .03 
44 14.17 .98 14.15 1.01 .02 .04 
45 14.97 -.09 15.05 -.09 .00 .03 
mean error 
.02 .02 
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First the standards were plotted in the iris-magnitude plane and the 
deviations of each star from the mean relation were averaged over 6 plates 
in V and 5 in B. 
Table 3.3 gives the photoelectric and photographic magnitudes 
for the standard stars . Columns (i), (ii) and (iii) are the star 
identification , V and B-V from Table 2 of Menzies (1973), columns (iv) 
and (v) are the mean photographic V and B-V , and columns (vi) and (vii) 
are the internal mean error of the photographic magnitudes in V and B. 
The residuals , in the sense (pe-pg), are plotted against photoelectric 
V, Band (B-V) in Figures 3 . 1~ , £ , c and d . From this table and 
figures we can see the following 2 points ; (1) the internal mean 
errors for these stars are 0 . 02 mag in both V and B , (ii) the color 
term corrected (e xp lained below) photographic magnitudes did not show 
any systematic error compared with the photoelectric ones . 
For each plate, the iris-mag itude relation was derived from 
the standard stars through a comput r program which plots magnitude against 
iris r ading , fits a 4th order polynomia l and punches out a calibration 
card. Most of the calibration curves are smooth and nearly linear . 
using this calibration , the program then derives photographic magnitude 
for each m asured star. The following transformation from photographic 
to photo 1 ctric m gnitude w s adopted . 
Hpe Bpg 
Vp vpg + 0.10 (B-V)pg 
The color term 0.10 (B-V)pg was found previously for the telescope-
plate-filt r combinations (Menzies 1967 , Gascoigne 1973). From 
Figure 3.1 we can say that the adopt d color term is reasonable and is 
consistent with V, Band B-V residuals derived from standards. 
FIGURES 3.la-d 
Residuals in the sense (pe-pg) plotted against photo-
electric magnitudes and colors for the standard stars in 47 Tuc. 
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TABLE 3.4 
MAGNI TUDES AND COLORS OF STARS IN THE OUTER REGIONS 
Star 
A 
A 
A 
A 
A 
A 
A 
A 
v 
r > 14' 
1 14.83 
2 15.70 
3 14.72 
4 15.69 
5 14.46 
6 13.68 
7 14.22 
8 14.03 
B-V 
.99 
.81 
.94 
.89 
1.04 
.86 
.79 
.93 
A 9 14.69 1.52 
A 10 15.28 .68 
A 11 13.23 .75 
A 12 12.95 .61 
A 13 15.77 .88 
A 14 14.97 1.23 
A 15 15.34 .86 
A 16 13.89 .92 
A 17 13.76 .52 
A 18 14. 14 .86 
A 19 14.38 1.00 
A 20 14.71 .97 
A 21 15.24 .91 
A 22 12.72 1.38 
A 23 15.40 .80 
A 24 14.89 .96 
A 25 14.15 .84 
A 27 14.63 1.01 
A 28 15.31 .97 
A 29 13.01 .75 
A 30 14.11 .77 
A 31 14.69 .69 
A 32 14.55 1.02 
A 33 14.15 .80 
A 34 14.54 .67 
A 35 15.37 .70 
A 36 15.32 .68 
A 37 15.66 .71 
A 38 15.71 .90 
A 39 11.89 .75 
A 40 14.35 .77 
A 41 12.55 .93 
A 42 15.90 .65 
A 43 16.06 1.02 
A 44 15.71 .65 
A 45 15.57 1.32 
A 46 15.89 1.47 
A 47 15.80 1.05 
A 48 14.37 .87 
A 49 13.15 
A 50 16.15 
.72 
.91 
Star v B-V 
A 51 14.66 1.07 
A 52 15.43 1.09 
A 53 14.34 .82 
A 54 11.84 .84 
A 55 14.08 .93 
A 56 15.63 1.00 
A 57 15.04 1.02 
A 58 14.12 .91 
A 59 12.57 .91 
A 60 15.59 1.04 
A 61 15.04 .99 
A 62 11.97 1.06 
A 63 14.93 1 . 08 
A 64 15.75 .81 
A 65 13.83 .60 
A 66 14.83 1.09 
A 67 14.89 .99 
A 68 14.21 .97 
A 69 14.19 .78 
A 70 12.97 1.34 
A 71 15.12 .59 
A 72 15.86 1.21 
A 73 13.07 1.35 
A 75 14.64 .41 
A 76 14.06 .87 
A 77 15.43 .72 
A 78 15.96 .93 
A 79 15.55 .80 
A 80 15.08 .99 
A 81 15.59 .86 
A 82 14.08 .76 
A 83 15.10 .54 
A 84 14.94 .98 
A 85 14.22 .65 
A 86 15.75 .88 
A 87 15.90 1.03 
A 88 14.28 .70 
A 89 14.64 1.02 
A 90 14.08 .86 
A 92 14.64 .59 
A 93 13.92 .78 
A 98 15.42 .99 
A 99 14.08 1.05 
A 100 15.64 .90 
A 102 14.48 .98 
A 103 14.15 .68 
A 104 14.89 1.09 
A 105 13.87 
A 106 14.67 
.67 
.61 
Star 
A 107 
A 108 
A 109 
A 110 
A 111 
A 112 
A 113 
A 114 
v 
15 . 21 
15.91 
15.04 
11.76 
12.38 
14.70 
15.82 
12.26 
B-V 
.77 
.89 
.99 
.92 
1.48 
.71 
.90 
1.09 
A 115 13.69 1.33 
A 116 14.89 1.05 
A 117 14.92 1.06 
A 118 14.88 1.12 
A 119 15.93 1.02 
A 120 16.07 .93 
A 121 14.01 .81 
A 122 15.80 .91 
A 123 15.95 .93 
A 124 15.86 1.11 
A 125 13.45 .66 
A 126 14.47 .96 
A 127 12.47 .86 
A 128 15.73 .86 
A 129 12.66 .83 
A 130 14.56 1.03 
A 131 14.08 .65 
A 132 12.52 1.29 
A 133 14.97 .61 
A 134 14.77 .95 
A 135 15.35 .85 
A 136 14.51 1.01 
A 137 14.64 .37 
A 138 12.75 1.43 
A 139 16.01 .87 
A 140 15.18 1.07 
A 141 15.22 1.13 
A 142 13.85 1.06 
A 143 14.28 .75 
A 144 14.63 .47 
A 145 11.58 1.95 
A 146 15.94 1.32 
A 147 13.18 1.14 
A 148 15.01 .93 
A 149 15.57 .86 
A 150 13.74 .56 
A 151 14.13 .67 
A 152 11.59 1.16 
A 153 14.27 .70 
A 154 14.63 .99 
A 155 14.58 1.01 
69 
Continued 
Star 
A 156 
A 157 
A 158 
A 159 
A 160 
A 161 
A 162 
A 163 
A 164 
A 165 
A 166 
A 167 
A 168 
A 169 
A 170 
A 171 
A 172 
A 173 
A 174 
A 175 
A 176 
A 177 
A 178 
A 179 
A 181 
A 182 
A 183 
A 184 
A 185 
A 185 
A 188 
A 189 
A 190 
A 191 
A 192 
A 193 
A 194 
A 195 
A 196 
A 197 
A 198 
A 199 
A 200 
A 201 
A 202 
A 203 
A 204 
A 205 
A 206 
v 
14.02 
15.57 
14.64 
15.81 
11. 80 
13.57 
14.18 
13.20 
14.61 
13.07 
15.76 
13.99 
14.15 
15.70 
15.36 
14.62 
14.84 
14.60 
14.09 
14.52 
14.19 
14.19 
11. 84 
14.92 
13.89 
14.34 
14.18 
14.45 
12.91 
12.74 
14.65 
14.80 
14.79 
14.13 
13.58 
14.84 
12.93 
14.13 
14.61 
14.35 
14.10 
14.60 
15.ll 
12.57 
15.51 
14.54 
14.85 
15.48 
15.09 
8-V 
.82 
.72 
1.16 
.69 
.85 
1.16 
.80 
1. 21 
.62 
.98 
1. 57 
.95 
.79 
.40 
.90 
.95 
.73 
1.15 
.73 
.59 
.80 
.81 
.88 
loll 
.70 
.58 
.95 
.78 
.52 
.38 
.91 
.62 
.63 
.75 
1. 07 
.89 
.80 
.72 
.65 
. 99 
.85 
1.04 
.96 
.48 
1.13 
.99 
.95 
.82 
.56 
TABLE 3.4 (Cont.) 
Star 
A 207 
A 208 
A 209 
A 210 
A 211 
A 212 
A 213 
A 214 
A 215 
A 216 
A 217 
A 210 
A 219 
A 220 
A 221 
A 222 
A 223 
A 224 
A 225 
A 226 
A 227 
A 228 
A 229 
A 230 
A 231 
A 232 
A 233 
A 234 
A 235 
A 236 
A 237 
A 238 
A 239 
A 240 
A 241 
A 242 
A 243 
A 244 
A 245 
A 246 
A 247 
A 248 
A 252 
A 253 
A 254 
A 255 
A 256 
A 257 
A 258 
v 
14 .18 
14.18 
14.68 
14 . 52 
15.07 
13 . 59 
13.72 
13.49 
14.12 
12.89 
14.65 
14.70 
12 . 80 
14.15 
11. 77 
14.17 
13.63 
15.23 
13.39 
12.52 
14.13 
13.51 
13.95 
11. 93 
14.15 
14.06 
14.84 
13.16 
14.09 
14.61 
15.21 
14.39 
14.20 
14.15 
13.83 
14.85 
14.60 
14.68 
13 .98 
14.71 
12.64 
14.38 
14.45 
15.11 
15.13 
14.70 
14.83 
15.54 
15.03 
8-V 
. 72 
. 69 
.90 
.92 
.86 
1.05 
.57 
. 41 
.76 
.97 
. 69 
. 98 
. 99 
. 83 
.92 
.80 
1.18 
1.03 
1.16 
1.25 
.79 
.52 
.20 
1. 94 
.75 
.74 
.96 
.96 
.85 
.93 
.82 
.84 
.95 
.78 
loll 
.99 
.95 
.71 
.83 
1.06 
.69 
.96 
.68 
.94 
.78 
.54 
.70 
.97 
1. 66 
Star 
A 259 
A 260 
A 261 
A 262 
A 263 
A 264 
A 265 
A 266 
A 267 
A 269 
A 270 
A 271 
A 272 
A 277 
A 278 
A 279 
A 300 
A 301 
A 302 
A 303 
A 304 
A 305 
A 306 
A 307 
A 308 
A 400 
A 401 
A 402 
A 403 
A 410 
A 423 
A 428 
A 432 
A 433 
A 434 
A 435 
A 441 
A 446 
A 453 
A 455 
A 457 
A 458 
A 459 
A 464 
A 465 
A 466 
A 468 
A 472 
A 486 
v 
14.55 
14.60 
14.55 
14.28 
14.78 
15.55 
14.98 
13.98 
14.25 
15.09 
15.19 
15.17 
13.53 
14.18 
12.43 
15.19 
15.55 
14.52 
15.18 
14.68 
14.74 
14.15 
15.26 
14.89 
15.18 
14.63 
14.01 
14.03 
14.60 
15.82 
15.64 
15.73 
15.42 
15.76 
15.77 
15.86 
15.76 
15.88 
15.80 
15.55 
16.01 
15.91 
15.96 
15.48 
15.83 
15.98 
14.10 
15.79 
15.86 
8-V 
.72 
.98 
.99 
.78 
1.05 
1. 27 
1.08 
.96 
1.07 
.59 
.72 
.97 
.82 
.83 
.74 
.64 
.89 
1.03 
.97 
1.03 
1. 27 
.94 
.98 
.83 
.91 
1.06 
1. 21 
1.14 
.93 
.82 
.82 
.84 
1. 22 
.99 
.84 
.92 
.82 
1.04 
.94 
.99 
1.06 
1.05 
1.09 
.96 
1.09 
.95 
.86 
.88 
1.13 
70 
Continued 
Star V B-V 
A 490 15.94 1.15 
A 493 14.91 1.03 
A 494 15.92 1.10 
A 498 15.81 1.01 
A 502 15.94 1.00 
A 513 15.57 .97 
A 514 15.79 1.07 
A 535 15.82 1.04 
A 537 15.90 1.04 
A 540 13.99 .89 
A 560 15.75 .92 
A 573 13.83 .92 
A 594 15.78 1.03 
A 595 14.61 .99 
A 601 14.58 .90 
A 602 14.02 .86 
A 603 14.06 .86 
A 604 14.62 1.06 
A 640 15.76 .95 
A 644 15.07 .81 
A 650 16.12 1.11 
A 651 16.02 1.11 
A 652 15.90 1.00 
A 653 15.85 .77 
A 654 15.81 1.23 
A 657 15.78 .91 
A 659 15.72 .98 
A 660 15.91 .65 
A 661 15.70 .94 
A 662 15.83 .91 
A 663 15.81 1.00 
A 665 16.24 .85 
A 666 16.19 1.00 
A 667 15.96 .82 
A 668 16.04 1.03 
A 670 15.57 .97 
A 671 15.57 .92 
A 672 15.37 1.19 
A 673 15.73 .90 
A 674 16.34 .92 
A 675 15.53 .88 
A 676 15.59 .94 
A 677 15.95 1.09 
A 678 15.61 .99 
A 679 15.32 .76 
A 682 15.90 .92 
A 684 15.90 1.05 
A 685 15.00 .92 
A 686 15.60 .53 
TABLE 3.4 (Cont.) 
Star V B-V 
B 407 15.26 .93 
B 412 14.36 1.01 
B 414 14.62 .97 
B 415 14.13 .82 
B 416 14.03 .90 
B 419 14.07 .78 
B 420 15.12 .70 
B 421 15.51 .94 
B 422 14.03 .82 
B 424 14.85 .93 
B 425 15.16 .97 
B 426 15.69 .97 
B 427 14.01 .79 
B 429 15.12 .95 
B 430 14.81 .74 
B 431 14.05 .82 
B 437 14.07 .80 
B 438 14.81 .80 
B 439 13.94 .94 
B 440 14.01 .90 
B 442 14.05 .83 
B 443 13.93 .89 
B 444 13.63 1.11 
B 445 15.34 .96 
B 447 12.89 1.32 
B 448 14.51 1.03 
B 449 14.55 1.05 
B 450 14.77 .96 
B 451 13.14 1.24 
B 452 14.28 .78 
B 454 15.36 .81 
B 456 14.43 1.07 
B 460 13.33 .66 
B 461 12.05 1.52 
B 463 14.00 .71 
B 467 14.04 .87 
B 468 14.15 .80 
B 469 15.01 1.04 
B 471 15.32 1.08 
B 473 14.45 1.07 
B 474 14.58 1.07 
B 475 13.77 .87 
B 477 15.69 1.66 
B 478 15.12 .97 
B 479 14.88 1.08 
B 481 14.12 .86 
B 482 14.33 1.21 
B 483 12.52 1.44 
B 484 14.04 .91 
Star V B-V 
B 485 15.40 .83 
B 487 14.07 .92 
B 488 15.27 .80 
B 489 14.25 1.11 
B 491 12.01 1.60 
B 492 14.92 1.05 
B 495 15.40 .90 
B 496 13.96 .85 
B 499 13.11 1.28 
B 500 13.58 .91 
B 501 15.15 .74 
B 504 14.49 1.04 
B 505 14.70 1.07 
B 506 14.06 .89 
B 507 13.36 .62 
B 508 13.35 1.20 
B 509 14.57 .79 
B 510 13.71 1.17 
B 511 13.46 1.21 
B 512 15.15 .74 
B 515 15.40 .85 
B 516 15.31 .95 
B 517 14.05 .94 
B 518 14.50 1.07 
B 519 12.08 1.53 
B 520 14.03 .85 
B 521 15.14 .98 
B 522 13.93 .92 
B 523 13.88 .94 
B 524 12.98 1.18 
B 525 14.92 .77 
B 526 14.49 1.03 
B 527 14.00 .83 
B 528 12.76 1.18 
B 529 15.17 .88 
B 530 15.71 .97 
B 531 15.66 .72 
B 532 13.92 .74 
B 533 14.18 1.17 
B 534 15.41 .97 
B 536 14.18 1.07 
B 538 13.89 .90 
B 539 14.08 .92 
B 542 12.00 1.84 
B 543 13.16 .68 
B 544 14.08 1.06 
B 545 15.42 .90 
B 546 15.52 .92 
B 547 15.56 .97 
71 
Continued 
Star 
B 548 
B 549 
B 550 
B 551 
B 552 
B 553 
B 554 
B 555 
B 556 
8 557 
B 559 
B 561 
B 562 
B 563 
B 564 
B 565 
B 566 
B 567 
B 568 
B 569 
B 570 
B571 
B572 
B 573 
B 574 
B 575 
B 576 
B577 
8 578 
B 579 
B 580 
B 581 
B 582 
8 583 
8 584 
B 585 
B 586 
v 
14.80 
15.41 
15.43 
13 .92 
14.14 
15.27 
14.71 
15.17 
15.71 
15.23 
12.40 
13.80 
15.29 
14.18 
14.57 
13.16 
14.16 
12.69 
15.40 
13.48 
14.19 
14.57 
15.03 
13.83 
14.12 
15.55 
13.78 
14.98 
15.65 
13.92 
15.24 
13.95 
13.27 
14.71 
14.10 
14.51 
13.90 
B-V 
.96 
.85 
.87 
.96 
.88 
.87 
.90 
.98 
.87 
.88 
1.47 
.82 
.80 
.83 
.91 
1.12 
.83 
1. 25 
.87 
.91 
.84 
.94 
.87 
.90 
.84 
.66 
.80 
.54 
.84 
.62 
.85 
1.00 
1.07 
.59 
.83 
.71 
1.16 
B 587 14.82 1.17 
B 588 13.18 1.05 
B 589 14.74 .94 
B 590 14.74 .97 
B 591 14.46 .99 
B 592 13.72 .81 
B 593 15.28 .86 
B 597 14.55 .94 
8 598 13.40 1.13 
B 599 14.61 1.00 
B 600 13.77 .72 
B 605 12.84 1.30 
TABLE 3.4 (Cont.) 
Star 
B 606 
B 608 
8 609 
B 610 
8611 
8 612 
8613 
8 614 
B 615 
B 616 
8 619 
B 621 
8 623 
B 624 
8 625 
B 626 
B 631 
B 634 
8 636 
8 638 
8 639 
8 656 
B 664 
8 669 
B 680 
C 1 
C 447 
C 464 
C 507 
C 510 
C 577 
C 580 
C 582 
C 593 
C 686 
C 687 
C 689 
V 8-V 
13.13 1.19 
12.83 1.24 
14.56 .97 
14.52 .61 
14.09 .84 
14.66 1.00 
13.19 .76 
12.25 .79 
14.39 .97 
14.54 .97 
13.10 1.10 
14.51 1.21 
14.02 .87 
14.28 .94 
14.34 .95 
14.81 .89 
14.99 .71 
15.39 .94 
15.36 .90 
14.11 .90 
14.21 .99 
15.10 .79 
15.77 1. 26 
15.53 .82 
15.25 .47 
14.64 .93 
15.54 .84 
15.88 .81 
15.78 .87 
15.05 .93 
14.68 .96 
14.36 .96 
15.81 .76 
14.08 .78 
13.98 .78 
15.55 .93 
14.10 .87 
C 691 14.06 .89 
C 692 12.03 1.58 
C 695 15.93 .92 
13' < r < 14' 
8 436 13.23 1.21 
8 463 13.97 .81 
8 476 14.05 .86 
8 497 13.50 1.24 
8 503 15.10 .80 
8 541 14.08 .89 
C 2 15.78 .66 
C 34 14.78 .60 
Star 
C 35 
C 59 
C 58 
C 85 
C 111 
C 112 
C 113 
C 121 
C 152 
C 165 
C 166 
C 167 
C 198 
C 204 
C 207 
C 233 
C 234 
C 235 
C 300 
C 306 
C 307 
C 309 
C 343 
C 344 
C 345 
C 346 
C 376 
C 379 
C 417 
C 418 
C 431 
C 432 
C 445 
C 448 
C 493 
C 495 
C 506 
V 8-V 
15.73 .34 
13.48 1.16 
13.00 1. 22 
14.12 .92 
14.11 .86 
14.37 1.04 
14.95 -.10 
14.59 .97 
15.17 .90 
14.65 .97 
14.05 .92 
13.29 .70 
15.61 .88 
14.14 .80 
15.88 .85 
14.31 .85 
14.12 .86 
13.84 1.04 
15.92 .94 
12.10 1.53 
13.24 1.18 
15.34 .86 
15.67 .84 
13.92 1.03 
13.57 1.16 
14.01 .82 
14.55 .93 
15.54 .82 
15.67 .80 
13.91 .57 
15.04 .87 
14.87 .90 
15.72 .82 
14.59 .89 
15.89 .91 
14.60 .93 
14.81 .93 
C 508 15.67 .74 
C 511 13.99 .75 
C 533 14.15 .79 
C 551 15.60 .97 
C 553 13.21 .97 
C 575 13.27 .80 
C 576 15.68 .87 
C 578 13.89 .89 
C 579 12.54 1.29 
C 587 14.87 .93 
C 591 14.13 .82 
C 592 15.70 .87 
72 
Continued 
Star v B-V 
C 594 13.63 1.09 
C 806 13.99 .86 
C 871 14.97 1.01 
C 872 14.71 .69 
C 873 14.21 .83 
C 877 15.13 .86 
C 878 15.14 .87 
C 880 15.86 .90 
C 881 14.59 .90 
C 890 15.82 .69 
C 891 13.78 .92 
C 892 15.60 .90 
C 893 15.80 .86 
C 900 14.55 .65 
12' < r < 13' 
C 3 15.86 .83 
C 5 14.47 .94 
C 7 14.55 .96 
C 8 14.48 .96 
C 9 15.48 .82 
C 32 15.81 .92 
C 33 15.55 .60 
C 36 14.50 .93 
C 60 13.21 1.32 
C 61 12.39 1.22 
C 62 13.31 .94 
C 64 14.77 .99 
C 109 14.54 1.00 
C 114 14.20 .98 
C 115 15.70 .88 
C 116 11.79 1.67 
C 117 14.62 .98 
C 123 15.86 1.02 
C 162 15.68 .76 
C 164 14.90 .94 
C 196 13.25 .77 
C 197 14.82 .93 
C 201 13.87 1.07 
C 202 13.91 .85 
C 203 14.11 .83 
C 205 14.67 .85 
C 206 14.86 .87 
C 227 15.40 .92 
C 228 15.59 .83 
C 229 15.57 .84 
C 231 14.19 .88 
C 236 14.39 .96 
C 237 12.49 1.23 
C 290 14.87 .91 
C 295 13.89 1.04 
TABLE 3.4 (Cont.) 
Star v 8-V 
C 296 15.97 .90 
C 299 14.90 .46 
C 312 12.44 1.29 
C 313 15.23 .80 
C 349 12.99 
C 375 14.14 
C 380 15.83 
C 381 14.03 
C 405 14.12 
C 406 14.89 
C 407 15.75 
C41613.73 
C 446 15.33 
C 462 14.10 
C 488 15.00 
C 489 14.39 
C 490 14.11 
C 491 15.25 
C 492 15.30 
C 494 l3. 96 
C 496 15.46 
C 497 13.80 
C 509 15.00 
C 512 12.25 
C 513 15.45 
C 530 12.91 
C 535 15.92 
C 537 14.67 
C 546 15.56 
C 547 15.72 
C 583 15.77 
C 589 15.12 
C 595 15.12 
C 597 15.48 
C 698 14.92 
C 780 14.54 
C 781 15.78 
C 782 15.77 
C 783 15.87 
1. 25 
.82 
.94 
.86 
.85 
.96 
.85 
1.01 
.89 
.80 
.90 
.94 
.79 
.61 
.87 
1.00 
.84 
.83 
.92 
l.03 
.96 
1.12 
.93 
.51 
.90 
.84 
.93 
.88 
.92 
.91 
.94 
.93 
.93 
.90 
.96 
C 784 15.13 .91 
C 785 14.13 .80 
C 786 15.69 .98 
C 874 14.15 .81 
C88915.61 .77 
C 897 13.60 .96 
C 990 15.65 .83 
C 
C 
C 
11' < r < 12' 
10 15.69 .79 
II 14.91 .90 
12 14.11 .78 
Star v 8-V 
C 14 15.84 1.00 
C 15 15.73 .61 
C 30 12.29 1.34 
C 37 15.12 .83 
C 65 14.44 
C 66 14.04 
C 67 14.05 
C 68 15.04 
C 69 13.91 
C 79 14.86 
C 108 14.54 
C 143 13.72 
C 144 14.18 
C 145 15.84 
C 146 14.81 
C 147 14.98 
C 148 15.95 
C 153 14.14 
C 154 15.88 
C 155 14.01 
C 163 13.65 
C 180 15.71 
C 182 15.50 
C 199 13.07 
C 209 15.70 
C 219 14.15 
C 220 14.05 
C 221 15.28 
C 222 15.29 
C 223 12.90 
C 224 14.82 
C 226 14.55 
C 238 14.49 
C 239 13.14 
C 240 14.09 
C 292 13.85 
C 293 14.90 
C 303 14.52 
C 315 15.19 
.95 
.84 
.82 
.89 
.76 
.96 
.95 
1.07 
1.04 
.94 
1.00 
.85 
1.19 
.80 
.78 
1.02 
1.09 
.78 
.91 
1.02 
.75 
.77 
.95 
.87 
.79 
1.28 
.62 
.91 
.93 
.96 
.81 
l.10 
.86 
.90 
.94 
C 316 15.80 .81 
C 319 12.37 1.43 
C 340 15.84 .76 
C34215.73 .89 
C 350 11.88 1.60 
C 351 15.96 .83 
C 352 13.31 1.11 
C 353 15.71 .83 
C 373 14.13 .87 
C 374 15.25 .87 
C 403 14.98 .89 
73 
Continued 
Star V 8-V 
C 404 15.69 .82 
C 408 15.54 . 95 
C 409 14.59 1.00 
C 411 15 . 91 .82 
C 412 14 . 82 . 93 
C 413 13.84 1.07 
C 415 15.60 . 75 
C 425 15.60 . 57 
C 430 15 . 81 .77 
C 433 14.14 . 82 
C 440 14 . 11 .79 
C 441 14 . 42 .95 
C 443 12.83 1 . 22 
C 449 12.69 .99 
C 450 12.61 1.24 
C 451 14 . 45 .95 
C 460 14.03 .76 
C 468 14 . 60 .92 
C 469 13.95 1.00 
C 470 14.96 .59 
C 485 15.10 .92 
C 483 14.79 . 88 
C 503 13.46 .92 
C 504 14.58 . 92 
C 505 14.14 .81 
C 514 14 . 13 . 84 
C 515 15.29 .94 
C 516 14.56 . 92 
C 518 15.79 .90 
C 527 14.49 .94 
C 529 13.40 1.06 
C 544 14 . 09 .63 
C54814.10 . 73 
C 549 14 . 04 .82 
C 555 13.86 . 89 
C 556 15.18 .90 
C 557 14.16 .86 
C 569 15 . 25 . 82 
C 570 15 . 44 . 93 
C 574 14.57 .99 
C 590 13 . 40 1.13 
C 598 15.76 1 . 29 
C 599 13.72 1 . 10 
C 620 13 . 97 .89 
C 624 14.11 .89 
C 625 15.67 .90 
C 626 14.08 . 87 
C 627 13 . 66 1 . 12 
C 629 15 . 13 . 92 
TABLE 3.4 (Cant.) 
Star V 8-V 
C 777 15.18 . 89 
C 779 15.65 .87 
C 787 13.77 1.04 
C 883 14.12 . 82 
C 884 15 . 25 . 88 
C 885 15 . 63 . 85 
C 886 12.49 1.32 
C 898 15 . 77 .88 
10 ' < r < 11 ' 
C 16 15 . 87 .91 
C 17 12.13 1.37 
C 18 13.35 1 . 15 
C 27 15 . 77 .R7 
C 28 13 . 00 1.21 
C 40 14 . 05 .83 
C 50 15 . 76 .84 
C 57 14.15 .84 
C 71 14 . 13 .84 
C 72 15.46 .68 
C 80 14.09 .91 
C 81 14.12 .86 
C 82 14.03 .90 
C 83 13 . 30 1.14 
C 89 14 . 06 .74 
C 90 14 . 00 .86 
C 92 14 . 05 .90 
C 93 14 . 14 .89 
C 95 13.97 .87 
C 102 14.52 .95 
C 124 14.67 .95 
C 139 15 . 26 . 76 
C 140 13.52 . 62 
C 142 15 . 93 .80 
C 160 13 . 89 . 80 
C 161 12.95 1.17 
C 170 14 . 16 .80 
C 171 14 . 10 .90 
C 172 14.10 . 75 
C 175 14 . 22 .97 
C 178 15 . 80 .80 
C 181 15 . 41 . 78 
C 192 13 . 50 1.13 
C 193 14.10 . 76 
C 208 12.47 1.28 
C 273 15 . 44 . 79 
C 275 15.15 . 84 
C 210 14.18 . 74 
C 21 7 15 . 86 . 92 
C 242 14 . 55 .95 
Star V a-v 
C 24 3 14.84 .89 
C 245 13.21 1.05 
C 246 14.85 .46 
C 272 14.10 .87 
C 278 14.06 . 79 
C 279 14.00 .84 
C 280 14 . 03 .68 
C 281 14.08 .75 
C 282 15.73 .81 
C 283 15.66 .68 
C 289 15.14 .88 
C 322 14 . 09 .77 
C 323 15 . 68 
C 324 15.42 
C 337 14.09 
C 354 14.58 
C 355 14 . 52 
C 356 14.65 
.83 
.70 
.77 
.96 
.90 
.96 
C 372 15.17 .80 
C 393 15 . 22 .90 
C 396 13.53 1.13 
C 401 15.85 .74 
C 421 14.50 .95 
C 429 14.03 .86 
C 434 15.20 . 8 
C 435 15 . 04 .86 
C 439 14.60 .94 
C 453 14 . 68 .95 
C 456 15.40 .89 
C 457 13.21 1.20 
C 458 15.19 .73 
C 459 14.06 .67 
C 471 15.59 .33 
C47313 . 91 .76 
C 480 15.04 .89 
C 481 15.11 .83 
C48213 . 39 .76 
C 502 13 . 53 .86 
C 519 15 . 57 . 96 
C 522 14.33 .99 
C 525 14.47 .95 
C 540 14 . 04 .80 
C 541 15 . 57 .85 
C 558 13.85 .98 
C 601 14.31 . 74 
C 602 14 . 36 1.00 
C 603 14 . 02 1.01 
C 605 14.06 .84 
C 614 15.48 .89 
74 
Continued 
Star v 8-V 
10 ' r ' II' 
C 618 14.13 .85 
C 628 14.76 . 90 
C 630 15.05 .9 2 
C 633 15.62 .76 
C 634 14.08 .88 
C 648 15.84 .81 
C 649 13.91 .80 
C 652 15.55 .83 
C 654 14.62 .99 
C 655 15.66 .87 
C 668 14.51 .63 
C 671 15.63 .95 
C 673 14.13 .80 
C 674 15.18 1.05 
C 675 14.15 .87 
C 677 14.03 .86 
C 678 13.22 1.12 
C 680 15.05 .97 
C 681 13.97 .68 
C 682 14.03 .83 
C 683 14.03 .86 
C 684 15.07 . 88 
C 764 14.05 .84 
C 765 14.06 
C 766 14.59 
C 769 14.11 
C 774 13.54 
C 775 14.21 
C 788 14.97 
9' < r < 
C 19 12.91 
C 21 15.86 
C 23 15.52 
C 24 13.81 
C 25 14.03 
C 26 15.82 
C 41 15.67 
.90 
.94 
.78 
1.07 
.69 
.88 
10 ' 
1. 28 
.81 
.56 
1.00 
. 73 
.93 
. 91 
C 42 12.56 1. 27 
C 46 13.26 1.18 
C 47 15.11 .95 
C 48 15.85 . 83 
C 51 14.07 .77 
C 52 14.98 1.00 
C 53 15.59 .69 
C 54 15.82 .82 
C 55 15.54 .90 
C 73 15.15 . 90 
C 74 14.16 1 .19 
TABLE 3.4 (Cont.) 
Star v 8-V 
C 75 14 . 07 .84 
C 76 14.06 . 82 
C 77 15.49 . 92 
C 87 13.90 1.08 
C 88 15 .4 2 .98 
C 97 14.59 .98 
C 98 14 .45 .99 
C 100 15.17 .91 
C 101 12.63 1.27 
C 127 14.62 .95 
C 130 14.74 .97 
C 131 14.55 .95 
C 133 12.11 1.49 
C 134 15.45 .92 
C 135 14.54 .97 
C 157 15.45 1.14 
C 158 15.94 .81 
C 159 13.99 1.08 
C 174 15.54 .75 
C 184 13.31 1.11 
C 185 13.36 1.10 
C 187 12.65 1.23 
C 189 14.47 .93 
C 190 11.90 1.53 
C 191 
C 212 
C 215 
C 216 
C 244 
C 247 
C 249 
C 252 
C 254 
C 256 
C 257 
C 258 
C 261 
C 268 
14.16 
14.92 
14.08 
15.45 
15.15 
14.09 
15.94 
14.13 
15.81 
15.32 
14.67 
15.62 
11.86 
14.11 
.77 
.95 
.86 
.95 
.75 
.82 
.80 
.98 
.85 
.86 
.95 
.76 
1. 59 
.87 
C 269 14.13 .75 
C 271 15.57 .74 
C 285 14.38 . 99 
C 326 15.56 .75 
C 330 15.73 .76 
C 333 15.65 . 82 
C 33 5 12.95 1.22 
C 360 13.13 1.07 
C 361 15. 25 .85 
C 362 14.10 .88 
C 36315.64 .79 
Star v 
C 367 14.10 
C 368 14 . 90 
C 383 14.04 
C 388 14.97 
C 389 15.31 
C 390 14.00 
8-V 
. 83 
. 91 
. 74 
. 89 
.90 
. 91 
C 391 14.16 .82 
C 392 15.59 .78 
C 394 14.52 . 93 
C 395 14.40 .98 
C 420 11.84 1.90 
C 42 2 14.01 . 82 
C 4 23 15.53 .83 
C 427 14 .1 3 .82 
C 436 15.07 .92 
C 437 14.52 .92 
C 4 38 13.93 . 99 
C 452 14.74 .88 
C 454 12 .20 1.42 
C 4 55 12.85 1.11 
C 474 13.21 1.14 
C47515.77 .92 
C 476 15.03 . 91 
C 477 13.96 .81 
C 486 
C 487 
C 501 
C 520 
C 523 
C 524 
C 539 
C 559 
C 560 
C 561 
C 562 
C 564 
C 566 
C 567 
14.63 
15.42 
14.27 
15.19 
15.83 
15.78 
14.27 
14 .36 
15 . 68 
15.39 
14.97 
15.73 
14.44 
15.67 
.90 
. 91 
.66 
.87 
.31 
. 94 
.98 
. 96 
. 99 
.90 
.91 
. 90 
. 95 
. 87 
C 606 15.71 . 99 
C 608 14.11 1.04 
C 609 14.44 1.02 
C 610 14.11 1.02 
C 615 15.29 . 85 
C 636 12 .7 2 1.15 
C 637 14.37 . 99 
C 638 13.59 1.11 
C 640 13.60 1.11 
C 641 14.08 .73 
C 644 14.07 .86 
75 
Cont inued 
Star V B-V 
C 645 15.28 . 85 
C 658 12.21 1.48 
C 659 11.79 1.72 
C 662 14.34 1. 05 
C 663 13.90 1.05 
C 664 15.03 .92 
C 665 15.79 .83 
C 666 14.05 .89 
C 676 14.12 .82 
C 761 14.08 .77 
C 762 15.30 .86 
C 767 14.09 .87 
C 768 15.24 .77 
C 790 13.10 1.15 
C 996 14.82 .95 
C 997 12.60 1.30 
o 536 14.04 1.06 
o 548 14.16 .93 
o 612 12.83 1.24 
o 725 15.04 .82 
8' <, r < 9 ' 
C 29 15.09 
C 38 15.63 
C 44 15.30 
.87 
.82 
.88 
C 128 14.07 .90 
C 129 12.60 1.21 
C 132 14.83 .88 
C 250 14.41 .94 
C 251 14.12 .78 
C 263 15.38 .85 
C 265 15.20 .82 
C 284 14 . 24 . 98 
C 366 14.61 .93 
C 384 14.85 
C 385 15.85 
C 882 13.91 
C 887 13.72 
.89 
.93 
.86 
.91 
C 888 14.55 1.01 
C 895 11.64 1.68 
C 899 13.93 .85 
C 999 
o 1 
o 2 
o 157 
o 165 
o 166 
o 170 
017l 
0172 
o 183 
15.54 
14.14 
14.64 
14.00 
14.17 
14.56 
14.13 
15.07 
14.95 
14.16 
.80 
.83 
.92 
.93 
. 68 
. 98 
.91 
.87 
. 90 
.78 
TABLE 3.4 (Cant.) 
Star V B-V 
o 185 14. 10 .85 
o 186 13.89 .79 
o 226 14.09 .81 
o 227 13.90 .84 
o 228 14.21 .75 
o 254 13.90 .85 
o 255 13.55 1.12 
025614.17 .77 
o 258 14.02 .89 
o 259 15.15 .35 
o 262 13.99 .95 
o 263 14.28 1.02 
o 264 14.12 .84 
o 265 14.17 .78 
o 266 14.28 .98 
o 267 11.86 1.65 
o 268 14.15 .89 
o 270 13.09 1.01 
o 271 13.81 1.03 
o 274 14.46 .62 
o 275 14.14 .78 
o 276 12.60 1.23 
o 277 14.14 .90 
o 278 13.42 .82 
o 314 14.17 .86 
o 315 14.10 .93 
o 351 14.01 .80 
o 354 14.18 .80 
o 358 14.02 1.10 
o 359 14.06 .95 
o 360 14.54 1.00 
o 374 13.73 .88 
o 375 14.04 .83 
o 376 14.18 .78 
o 417 12.06 1.54 
o 418 14.12 .86 
o 419 13.72 .93 
o 437 14.00 .82 
o 438 14.04 .94 
o 475 13.35 1.20 
o 476 
0477 
o 534 
o 535 
o 537 
o 540 
o 541 
o 542 
o 543 
o 544 
14.41 
14.09 
14.05 
13.79 
14.12 
14.50 
14.00 
14.43 
12.54 
14.16 
1. 01 
.89 
.83 
1.06 
1.05 
.98 
.80 
.94 
1. 23 
.87 
Star V B-V 
o 546 14.14 . 82 
o 547 13 . 68 .92 
o 549 14.00 . 71 
o 550 14.07 .88 
o 551 12.34 1.40 
o 552 14.17 . 98 
o 605 14.22 .96 
0613 14.16 .87 
o 614 14.72 .85 
o 615 11.86 1.61 
o 616 11.68 1.75 
0617 14.15 .77 
o 618 13.90 .80 
o 619 13.98 .82 
o 620 14.10 .80 
o 621 14.09 . 78 
062214.11 .77 
o 623 14.69 .89 
o 624 14.29 .94 
o 657 13.17 1.05 
o 658 14.14 . 84 
o 659 14.17 .84 
o 660 14.25 1.03 
o 661 13.24 1.20 
o 662 14.28 . 98 
o 678 14.04 1. 00 
o 696 13.92 . 88 
o 697 14.84 .89 
o 709 14.68 . 94 
o 724 14.94 . 89 
o 746 14.04 1.06 
o 760 14.78 . 92 
o 761 14.59 .94 
o 762 14.37 . 92 
o 766 14.73 .86 
o 809 14.86 .78 
7' < r < 8 ' 
o 3 14.02 
o 4 13.92 
o 5 14.59 
o 150 
o 151 
o 154 
o 155 
o 156 
o 158 
o 159 
o 160 
o 161 
o 162 
14.60 
14.37 
14.11 
14 . 21 
14 . 68 
14.08 
13.36 
13.23 
14.45 
14.46 
.69 
.87 
. 91 
.90 
1. 04 
.98 
1.07 
. 98 
.80 
1.07 
1.09 
.96 
1.00 
76 
Continued 
Star V 8-V 
o 163 14.20 1. 0 1 
o 164 14.28 1. 00 
o 167 14.30 . 9 8 
o 168 13.73 1.08 
o 169 14.97 .91 
o 173 14.07 1.07 
o 174 14.14 .80 
o 175 13.89 1.13 
o 176 13.34 1.19 
o 177 14.10 .83 
o 178 14.06 .84 
o 180 15.10 .87 
o 181 14.54 .88 
o 182 13.67 1.11 
o 184 14.11 .85 
o 187 13.43 .84 
o 201 14.49 . 92 
o 221 12.30 1.37 
o 222 14.12 .81 
o 223 13.98 .83 
o 224 14.14 . 86 
o 225 14.21 1.02 
o 250 13.40 1.15 
o 251 14.03 .86 
D 252 14.03 .87 
D 253 12.95 1.25 
D 257 13.93 1.06 
D 260 12.14 1.45 
o 261 13.80 . 91 
D 269 14.17 .80 
o 272 14.07 .78 
D 273 14.56 .95 
o 279 14.10 .84 
D 280 14.66 .88 
D 312 13.55 1.17 
D 313 14.41 .95 
D 317 11.92 1 . 64 
o 318 12.04 1.52 
D 321 14.65 .94 
D 347 13.70 1.08 
D 348 14.42 1.02 
o 34~ 14 .41 . 91 
D 350 14.61 .98 
D 352 12.39 1.35 
o 353 14.06 .92 
o 355 14.15 .78 
D 357 13.46 1.22 
D 361 14.11 . 91 
D 368 13.22 1.21 
TABLE 3.4 (Cont.) 
Star V 8-V 
D 369 14.17 1.03 
o 370 14.32 1.07 
o 390 12.95 1.22 
o 391 14.55 . 96 
D 392 13.93 .80 
o 393 11.92 1.64 
o 414 14.12 .84 
o 415 12.02 1.57 
o 416 13 .75 1.15 
o 434 13.84 .90 
o 435 14.12 .87 
D 436 14.10 .82 
o 439 14.07 .86 
D 464 13.48 1.12 
o 471 13.94 1.07 
o 472 12 .43 1.40 
D 473 14 .54 . 97 
o 474 14.52 
o 526 13.65 
o 527 14 .09 
D 528 14.08 
. 98 
.93 
. 82 
.76 
o 529 13.36 1.18 
D 530 13.87 1.07 
o 531 14.00 .89 
o 532 13.53 1.14 
o 533 12.09 1.40 
D 538 14 .61 .95 
o 539 14.68 .90 
o 545 14.74 .83 
o 553 14.15 .84 
o 555 14.56 .9 3 
o 556 14.75 .89 
o 587 14 . 04 .82 
o 588 13.25 1 .00 
o 589 14.12 .82 
o 590 14.16 .78 
o 591 13.93 1.09 
o 592 14.09 .86 
o 593 14.87 .87 
o 604 14.11 . 82 
o 606 14.10 . 84 
o 607 14.04 .84 
o 608 12.06 1.53 
o 609 14 .49 .90 
o 610 13.15 1.07 
o 611 14 . 05 .84 
o 625 14 . 24 .95 
D 635 14.12 .80 
o 637 13.31 .90 
Sta r V 8-V 
o 65 5 14.12 . 85 
D 6 56 13.82 1. 08 
D 666 14.14 1. 00 
o 667 13.83 .9 2 
o 680 14 . 83 .86 
o 681 14.87 .80 
D 690 15.05 . 83 
o 691 14 . 93 .98 
o 692 14.68 .93 
o 707 15.03 .87 
D 723 15.05 .92 
o 738 14.76 .83 
o 739 14.75 .86 
D 741 14.97 .50 
o 742 14 . 96 . 77 
D 745 15.03 .80 
o 763 14.77 1.02 
6 ' < r < 7 ' 
D 9 14.16 .90 
o 11 14 . 13 .85 
o 13 14.94 .87 
o 14 13.03 1.1 2 
o 115 14.53 . 92 
o 147 14.24 .96 
o 148 14.08 .88 
o 149 14.89 .83 
o 152 12.49 1.28 
o 153 14.05 .83 
o 179 14.72 1.01 
o 188 12.36 1.45 
o 189 14.09 .83 
o 190 13.20 1.24 
o 191 13.94 .89 
o 192 14.07 1.07 
o 193 14.05 .82 
D 194 12.90 1.14 
o 195 13.07 1.10 
o 196 14.74 .98 
o 20 2 13.55 1.14 
o 203 14.65 .91 
o 20 4 13 . 29 1.23 
o 219 14.10 .85 
o 220 14.01 .82 
o 234 13.82 .89 
o 249 14.12 .82 
o 281 14.18 .77 
o 283 14.07 .82 
o 284 14.01 .69 
o 285 14.48 .97 
77 
Continued 
Star V B-V 
D30514.12 .81 
D 306 14.77 .88 
D 308 13.14 1.13 
D 309 14.08 .73 
D 310 14.04 .82 
D 311 14.62 .91 
D 316 14.92 .90 
D 319 14.46 .93 
D 320 14.61 .83 
D 322 13.83 .93 
D32314.04 .79 
D 324 13.93 .95 
D 327 14.63 .97 
D 337 11.26 2.47 
D 340 14.04 .86 
D 346 14.58 .90 
D 356 13.95 .89 
D 362 13.41 1.27 
D 363 13.83 .90 
D 364 14.48 
D 365 14.05 
D 366 13.99 
.97 
.86 
.96 
D 367 13.99 .92 
D 371 13.91 1.02 
D 373 13.16 1.17 
D 384 13.84 1.13 
D 385 13.96 .91 
D 386 14.59 .94 
D 387 13.93 .92 
D 388 14.15 .83 
D 389 13.97 1.06 
D 394 14.23 .62 
D 395 14.31 .99 
D 396 12.20 1.42 
D 397 14.00 .74 
D 398 14. 75 .89 
D 411 13.16 1.21 
D 412 13.46 1.19 
D 413 12.49 1.30 
D 433 13.98 .77 
D 440 13.27 1.19 
D 441 14.06 .85 
D 442 14.07 .87 
D 457 14.11 .80 
D 462 14.17 .86 
D 463 14 . 02 .88 
D 467 14.63 .90 
D 468 13.79 .86 
D 469 14.07 .92 
TABLE 3.4 (Cont.) 
Star V B-V 
D 470 14.56 .97 
D 478 14.10 .85 
D 479 12.74 1.21 
D 497 12.93 1.16 
D 511 14.18 . 72 
D51514.11 .79 
D 516 14.15 .91 
D 517 13.44 1.16 
D 518 13.54 1.11 
D 519 12.69 1.28 
D 520 13.73 .86 
D 521 14.01 .79 
D 522 14.48 .94 
D 523 14.06 .82 
D 524 14.14 .83 
D 525 12.84 1.27 
D 554 12.06 1.57 
D 557 13.31 .76 
D 558 14.59 .88 
D 559 13.98 1.05 
D 573 14.75 .88 
D 581 11.82 1.66 
D 582 14.18 .82 
D 583 14.24 .96 
D 584 13.23 1.19 
D 585 14.08 .77 
D 586 13.70 1.10 
D 594 14.57 .93 
D 595 14.09 .68 
D 596 11.87 1.58 
D 599 13.27 1.02 
D 600 14.09 .85 
D 601 14.04 .80 
D 602 14.04 .82 
D 603 13.89 1.13 
D 626 14.12 .62 
D 627 14.62 .92 
D 633 14.08 .84 
D 634 14.10 .72 
D 636 15 . 11 .84 
D 638 14.06 .79 
D 639 14.12 .88 
D 640 14.08 .84 
D 654 13.93 .82 
D 663 11.90 1.59 
D 664 12.29 1.40 
D 665 12.29 1.43 
D 668 14 . 15 .85 
D 669 13 .18 1.03 
Sta r V B-V 
D 670 14. 0 1 . 89 
D 682 15.16 .78 
D 69 3 14.77 .91 
D 694 14.89 .86 
D 698 14.75 .85 
D 704 14.91 .93 
D 705 14.93 .93 
D 708 15.23 .84 
D 71 0 15.02 .84 
D 720 15.04 .81 
D 730 14.88 .90 
D 736 14.76 .82 
D 737 14.82 .86 
D 740 15.13 .80 
D 750 14.83 .89 
D 764 14.91 .88 
D 804 14.30 .94 
D 807 14.90 .82 
D 808 13.80 .45 
5' < r < 6 ' 
D 6 15.15 .78 
D 8 13.27 1.17 
D 15 12.53 1.34 
D 17 14.06 . 9 1 
D 19 14.90 .82 
D 20 14.03 1.01 
D 22 13.11 1.07 
D 23 13.57 1.13 
D 24 13.21 1.02 
D 111 14.88 .84 
D 112 14.84 .92 
D 113 14.96 .84 
D 114 14.83 .88 
D 138 13.88 .94 
D 139 14.04 .78 
D 140 13.97 .89 
D 141 12.25 1 . 36 
D 14 2 14.18 1.02 
D 143 12.86 .91 
D 144 13.19 1.08 
D 14 5 11.82 1. 67 
D 14 6 14.1 2 .87 
D 197 14.42 .99 
D 198 14.00 .82 
D 199 14.15 1.10 
D 200 14.09 .88 
D 205 14.04 .80 
D 206 14.09 .90 
D 209 14.98 .85 
78 
Continued 
Star 
D 210 
D211 
D 217 
D 218 
D 229 
D 230 
D 231 
D 232 
D 233 
D 235 
D 241 
D 243 
D 244 
D 245 
D 246 
D 247 
D 248 
D 282 
D 286 
D 287 
D 288 
D 293 
D 301 
D 302 
D 303 
D 304 
D 307 
D 325 
D 326 
D 328 
D 329 
D 336 
D 338 
o 339 
o 341 
D 342 
o 343 
D 344 
o 345 
o 377 
D 378 
D 379 
o 380 
D 381 
o 383 
o 399 
D 400 
D 401 
D 405 
v 
13.81 
13.97 
14.23 
13.91 
13.14 
11. 65 
13.85 
14.16 
14.10 
14.12 
12.62 
14.83 
14.37 
14.10 
14.12 
14.98 
13.81 
14.40 
13.25 
14.18 
14.16 
14.09 
14.10 
14.62 
14.33 
14.69 
13.99 
14.00 
13.00 
13.81 
14.06 
12.64 
13.89 
13.88 
13.86 
14.03 
14.51 
14.12 
14.56 
14.97 
14.84 
14.77 
13.15 
13.95 
13.89 
12.79 
14.01 
14.29 
14.13 
B-V 
.89 
.79 
.96 
.92 
1. 21 
1. 80 
1.08 
.77 
.82 
. 87 
1.12 
.88 
1.00 
.7 6 
.81 
.81 
1.05 
. 97 
.86 
.80 
.80 
. 86 
.82 
.96 
.92 
. 91 
.74 
. 96 
1. 29 
. 96 
.87 
1. 34 
.98 
.89 
.93 
.89 
1.06 
.86 
.96 
.77 
.94 
. 84 
1.13 
1.12 
1. 05 
1. 33 
.92 
1.06 
.85 
TABLE 3.4 (Cont.) 
Star 
D 406 
D 407 
o 408 
D 409 
D 410 
D 423 
D 424 
D 425 
D 431 
D 432 
D 443 
D 444 
D 445 
o 449 
D 450 
D 451 
o 452 
D 453 
D 454 
D 455 
D 456 
D 458 
o 459 
D 460 
D 465 
D 466 
D 480 
D 481 
D 482 
o 483 
D 484 
o 485 
D 486 
D 487 
D 489 
D 490 
D 492 
o 493 
o 496 
D 498 
D 499 
D 500 
D 502 
D 503 
D 504 
o 505 
D 506 
D 509 
D 510 
v 
13.80 
14.05 
13.97 
14.01 
14.44 
12.50 
13.42 
14.54 
12.55 
13.16 
14.94 
13.51 
14.56 
14.09 
12.94 
13.90 
14.20 
14.70 
13.15 
12.76 
14.04 
14.02 
14.28 
14.13 
14.17 
14.70 
14.11 
14.02 
14.03 
14.00 
14.02 
14.08 
14.30 
13.88 
13.34 
13.67 
12.27 
12.07 
12.43 
13.95 
14.01 
14.52 
11. 40 
14.08 
13.23 
14.54 
14.11 
12.09 
14.10 
B-V 
. 79 
.81 
.77 
.84 
.98 
1. 34 
1.11 
.93 
1. 34 
1.18 
. 90 
1. 20 
.90 
.92 
1.13 
.94 
.87 
.89 
1.05 
.69 
.83 
.98 
1.10 
1. 01 
.95 
.91 
.75 
1.03 
.84 
.74 
.80 
.94 
.97 
.87 
1.14 
1.09 
1. 56 
1. 57 
1. 39 
.83 
. 90 
.84 
2.66 
.82 
1.19 
.94 
.77 
1. 47 
.86 
Star V 
D 512 14 . 34 
D 513 14.67 
D 514 13.74 
o 560 13.31 
D 561 13.79 
o 568 14.15 
D 569 14.55 
D 570 14.11 
o 571 12.59 
o 572 13.55 
D 574 14.61 
D 579 14.13 
D 580 13.98 
D 597 14.00 
D 598 11. 88 
D 628 14.10 
D 629 12.54 
D 631 14.47 
D 632 14.18 
D 641 13.94 
o 642 14.09 
D 643 14.55 
o 644 14.08 
D 645 13.90 
D 646 14.05 
D 647 14.76 
D 652 14.35 
D 653 13.82 
o 671 13.53 
D 672 12.66 
D 673 14.97 
D 674 14.12 
D 675 14.44 
o 676 14.03 
D 679 14.90 
D 683 14 . 77 
D 685 14.98 
D 687 14.98 
D 688 14.89 
D 689 14 . 89 
D 695 14.95 
D 699 14 . 81 
D 700 15.12 
D 702 14.89 
D 703 15.24 
D 706 14 . 68 
D711 15.15 
D 715 15.21 
D 731 14.56 
B-V 
. 98 
.85 
1. 04 
1.15 
.87 
1.02 
.88 
.71 
1. 26 
1.10 
.90 
1.00 
.76 
1. 00 
1. 71 
. 80 
1. 22 
-.05 
.79 
.89 
. 88 
.86 
.82 
.82 
.75 
.85 
.92 
.87 
1.11 
1. 30 
.89 
.84 
.89 
.89 
.94 
.83 
.76 
.93 
.77 
.98 
.92 
.86 
.91 
.80 
.80 
.90 
.89 
.81 
.84 
79 
Continued 
80 
TABLE 3 . 4 (Cant.) 
Star V 8 - V Star V 8-V Star V 8-V 
o 733 14.85 .86 0 768 15.21 .75 o 805 13 . 72 .86 
o 734 15.25 .98 o 800 15 . 20 . 86 o 806 13.99 . 86 
o 735 14.89 . 91 0 801 15 . 04 . 95 o 900 14 . 55 . 65 
o 765 14 . 97 . 94 0 803 14 . 48 . 89 
FIGURES 3.2a-f 
Finding charts for the bright stars in 47 Tuc from 
- 1 arc min to outer region. Region "A" is the most outer 
zone , whil e region "F" is the inner most region. M indicates 
the Menzies (1973) photoelectric stars. 
• 
n 
·1 
·2 
·401 
'40 • .,. '6 ·3 
W· ·13 
·59 
·51 
.. I ·52 
·60 
. , -410 
Ml3 . 
.-66' :fi 
.. 
.6$ 
74 n-
" -: ' ~ . 
'73 
,. '77 '71 
, ·79 
.. · ·17 ... 
''' ·fO 
93' ·92 
·105 
'107' 101 113: 111. '112 
"'" 1~00 '115 114' 
·n7 124. 1~5 
.. ''' , 
; ' '- ', .. . ; ..... . : .. 
.'."" 
.,' . 
123' I : ' . . • 122 · 1~ · •. ' ~~ " "" : ," ·n. 
no 
·n9 
121 . 127 ' .- . 
... .  ~. . , 
~. 
.129 ~i;" .!)'~ '. 
'131~ '· · 
132' -t:s:.l " 
136' ''li7 
·149 
'139 
I~ 
15<> 15.2 537 
14. 151 ' '153 t,9 '. i ~ 
·147 154. 163 . • . . 
146' I~ I~ -167 
14' -613 155- 169 '165 ·161 
. 143 I" '161 169;73 
144' ~~ 
'157 ·156 
·141 
·174 
·170 
·151 '175 
8 
. . 
', ,; . 
'171 
·176 
·177 
179' 
~J2 
·303 
30~ ~2 
... . 
·111 
-110 
81 
A 
267· ·266 
.",~1 
'253 251- ·25. 
• .. 254 m 259· . ~.. '260 . ~ . 
·',Il 
~. 
·234 
·200 '1!14 
~1'7 
·116 
' 199 
~'1~9I : 197 
,1'16 
241 ' ·242 
w 
·44' 
451· 
-4-'2 
. ,. 
'460 
-463 . 
• 
, . 
·439 
·430 
426 ·425 • 
, 
, , 
: 
.-
" . ~ ' . . 
n 
. 
.' ~ 
.. 
. 
" . 
.... . 
82 
B 
' 631 
636 
.6(M 0623 62~2' 
·621 ·626 
• 
61" 
0613 
614'~12 
616.615 
. 
" 
. ' 
. ' 
.\. .~ ... 
." .. 
i' 
. ' ~ 
. -
,- . 
, " 
.. 
'. 
'. 
510' :",512 
~ 520' 
' . 
. , 
', : . ~ .~. . ~ . , . 
'; " ~ •. ~ . • • • . ·oJ . ~ ... "'f • " ' ;', ,: ' 
.... '.,... \ .... . .... 
o •• • :" y. °
0 
.,.' ;r-'. 1-' • . . . • 
.
... ... ~; •... ~:. . ' . ..... ........ ,. . , . 
" . \" '. .. , ~ ,. ;, ~~... ' ," . " .:' . 
, -, ' •. ' .' .... . 
", :_, ,7. ... . ;~; 
'" 0: :. :0: . " " 
" 
' .. 
~: . 
.... 
~ . I •• 
':.,. -t' • . ,. . eo 
.. ;, :~· · ·o . 
' 0 . : / 
• • • ,;"e, 
o ..... ;" 
.e , : ' : ,.. " 
'.. . '" .. ~ I.:.~ . 
:. ~ ', .. ; . : : .. , .. '. 
. \ .'. ! ....... : ; ~, ... . ':. : 
" 
. " 
. ~ 
. ' 
•• . •••. '0:' : 
. . 
. . . 
• 
: .0
0 
... 
• 
.. 
.; .: 
e:,' . 
.. . 
.-. . 
, . 
. 
. . ' 
. ', 
.. 
.w. • 
' ••• 0 ' 
. '. 0 •• _ . 
," " 
. 
. 
~ . 
.' 
" 
'''1 
.' 
" 
.,.. 'I" 
: : 517' 
, ... 
..,-' 
.~ .,., 
-66' 
,514 
-510 50 
57" 057' 
0576 
. 
' 577 
w 
.11) 
us .116 
.117 
. ,'1 
• 
'''' 
'" 
·101 
101· 
. ., 
.. , 
... 
'll 
.. 
.. , 
: 
lO6. 
)01. 
.)6 
.)00 
ll' ]2 
. 
. 
., , ... : .... 
. " 
. 
' " .' . 
l> 
. , 
• 
. : :~.-
. :.' .. ~.~ .. 
. ,. .' ,;r . 
• I .. 
· J09 
n 
'1 , 
)1(t· 
· c 
..... n 
.... 
.~:'" .... .. 
" ; ~ . , . 
.' . .-.. . . . 
. ~'S :~~ : . . ~ 
.(., , ' . .' 
: ·,e' • • • 
.: 
'. .. .': .. ~ .. : .~ 
; .. -: . . ... 
..1 
.• ~ .. .. ,. .... 
.. 
' .; . 
.~. 
·319 
• 
s 
. " '. ~ . ' 
... 
". 
.. 27 '43> 
.l" 
. ". d)· 
,.n .. 30 
... 
"So''' •. .u' d~ 
... 53 ~ ·.60 
.&»"'" 
.. ~ -... 
...,. 
'A') 
.... 
.., 
..,2-
01 · 
.. .. 
...> 
.. '." 
. ~ ;. ... i"" .03 
\4$ a • 
... , 
... 
.. .. 
".1' 
" 
I-'--t 
83 
• 
'~ 
w 
>0' 
." 
.. II 
-00' 
.... 
.... 
66' 
-
.. " 
n 
8 . 
,.. 
• 
, . \ 
.  
.... .... 
. \S7 
.,,.. 
1~· 
.,~ 
1\' t 
84 
27' 
· 215 • 
. ' !'\.27b 
o 
w 
s 
028 
• 
• 
• 
~67~ 
.. ,. 
616 MO 
'10 
• 
00)· 
. .. 
e 
• 
• 
· S'l1 
• 
• 
• 
ri 
0)1 
» 
)ll> .:I' 
II . )6 
•• 0 -3, 
038 
)9 j, 
,.~ .;~ 
°lAO 
. lAj 
., 
.;> 
oj. 
H 
85 
E 
• 1) 1 130° I'. . 128 
. \17 
• 
w 
UI 
• 
I' 
• 
.0 
e . 
• 
'fO 
..... 
., ...... ,' 
. 
. ., 
• 
.~ 
.'9) 
. ., 
•• 96 ..... 76 
,51 
". 
'55 
51 " e Sl.) 
• 526 
• 523 Hl 
413 .. - .'5 
~'. .7. 
... 
... 
. 
.. , 
e .. 2 
.001 
'" 
.$9'0 .. 10. 40' 
.0' 
391 ~bJ 
.39' 
. 39"3 . ) 91 l~ ~:~ 
. 31$ Jt, • .lIO 
• e06 e 3l 4 
)I' 
e"' 
• 
• 
• 
)1'. orJl' 
')0. • 
• 
311 
00' 
'" 
e 
)61 .~O3 
.on9 
H' . 5.' ,.5 
5S .. - • ~O4 
, .. 
e m , .. 
~S, 161. •• s •  
~)~~o • )03 
. )U'O ' 
• 
s 
.". 
'06#:, . ' 8> .. 
585 ' 584 
., 
sal . e n) .. 
sil 1 
,.~ 
11 
... . 111 
-281 ., 
-110 
"' 
.,., 
n 
• 
.' ., 
sse 
.,.. 
.,. 
0" 
'" 
.24' 
'" ,.. 
,. . 
• 
• 
,. 
..0 • 
• '1'3' 
- 139 
.,.0 
,., 
• 
• 
• 
• 
• lS 
., . 
• n 
II 
• 
.". 
• 
• 
I' 
• 
• 
11 
• ,. 
'0 
" lo 
11~ 
• II, 
II • 
". 
. 138 
'>9 
e tol 
F 
,t • 
e 163 
• 
• 
86 
e 
• 
• 
• • 
• 
• 
w 
• 
• 
• 
• 
87 
3.4 C-M DIAGRAMS FOR OUTER REGI ONS 
The V and B-V values for stars with r > 5 arc min are given in 
Table 3.4; these values are means from 4 blue and 4 yellow plates. 
The first column of this table gives the region of the star chart 
(Figure 3.2), the second column is the star identity number in each 
region, and the remaining columns give the V and B-V values . The typical 
inte rnal mean errors in V and B for non standard stars are 0.03 and 
0 . 04. The c -m diagrams constructed from Table 3.4 are shown in Figures 
3 . 3a , £, c and d; the four diagrams are for stars with 5 < r < 9 arc 
min , 9 < r < 12 arc min , 6 < r < 14 arc min and r > 12 arc min . The 
main features of the diagrams are the well-defined giant branch with 
an apparent gap at V = 13 . 0 , B- V = 1 . 2, the well - populated red 
horizontal branch , the supra-horizontal stars about 0.2 mag above the 
red end of the HB , and the fairly conspicuous asymptotic giant branch 
( AGB). There are no evident differences among the four diagrams . 
From these diagrams , the mean c-m diagram shown in Figure 3.4 was 
constructed. Table 3 . 5 gives the parameters 6V (the difference between 
HB and GB read at (B-V) = +1.4 which is sensitive to metal abundance) , 
o 
(B- V) (reddening free color of the intersection of horizontal and 
o , g 
subgiant branch suggested by Sandage and Smith (1966) to be a good 
metal abundance indicator) , V (V magnitude for HE) and E(B- V) for 
HB 
comparison with other estimates . 
TABLE 3 . 5 
COMPARISON OF THE PARAMETERS FROM MEAN C-M DIAGRAM 
6V (B-V) V E (B-V) 
o,g: HB 
Tifft ( 1 96 3b) 2.0 0 . 92 14 . 05 0 . 07 
Menzies ( 1973) 1. 62 1.0 14 . 10 0 . 00 
Cannon ( 1974) 1.8 0. 96 14.08 0.04 
Lee ( 1976) 1. 83 0.98 14.06 0 . 04 
Chun 1.8 1.03 14 . 10 0.00 
FIGURES 3.3a-d 
Color-magnitude diagrams for the outer regions in 47 Tuc . 
The four diagrams show the c-m diagram in 6' < r < 14', 
5' < r < 9', 9' < r < 12' and r > 12' region. 
FIGURE 3.4 
The mean color-magnitude diagram which comes from the 
c-m diagrams in the outer region (r > 5 ' ) . 
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3.5 C-M DIAGRAMS FOR INNER REGION (I ' < r ~ 5 ') 
The photographic photometry for the outer regions, described in 
the previous section, was straight forward; no problems emerged and 
the results are in good agreement with those of other recent workers 
(Table 3.5). The inner regions are much more difficult to study, 
because of crowding and background effects . To reduce these effects , 
we used photographic plates taken at the f/18 focus of the 40", and 
for the innermost regions used fixed-iris techniques for measuring, 
whi ch are described below. Despite these precautions it is simply not 
possible to derive a c-m diagram in the innermost regions at the same 
level of photometric accuracy as ln the outer regions. However it is 
worth proceeding because we will at least be able to determine what 
part (e.g. GB , HB, AGB) of the c-m diagram each star belongs to, even 
if we cannot measure its magnitude and color precisely : this should 
allow us to identify any gross radial changes in the luminosity function 
and particularly in the relative popUlations of the different branches 
of the c-m diagram. 
The first problem comes with the f/18 plates. The plate scale 
-1 is - 11 arc sec mm and their size is 16cm x 16cm, so the angular field 
is about 25 arc min diameter. This is not large enough to include the 
photoelectric standards which are all at a larger distance from the 
cluster centre (standards lie in 14' < r < 22 '). 
3.5.1 Standard Stars For The f/18 Plates 
The photographic photometry for the outer regions is not 
significantly affected by crowding and background problems, so we 
decided to use stars in the 6' < r < 7 ' zone, measured photographically 
from the f/8 plates relative to the photoelectric standards , as 
FIGURE 3.5 
Comparison of the photographic color-magnitude diagram 
in the region 6 ' < r < 7' with the photoelectric results of 
Menzie s (1973) and Cannon (1974). Note that no systematic 
diffe rences exist. 
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s condary standards for the f/18 plates . All s tars measured in the 
6 ' < r < 7' zone were used to reduce the eff e cts of random errors in 
t he f/8 photometry . Figure 3.5 compares these 6' < r < 7' stars, in 
the c -m diagram, with Menzies' (1973) and Cannon 's (1974) photoelectric 
me asures of stars in the outer parts of the clusters. There appear 
t o be no systematic errors in the 6 ' < r < 7 ' data. 
It may be noted that in Figure 3.5 we have doubled the V 
magnitude scale compared to that used in Figure 3.3. This has been 
do ne to facilitate the separation of the different groups of stars in 
the c -m diagram, whi ch will be of importance for our consideration of 
the cause of the observed variation in integrated color. For this 
r ason we use the same scale for the c-m diagrams in the inner regions 
a s that of Figure 3.5. 
3.5.2 Comparison Of f/8 And f/18 Results 
We need to compare results from f/8 and f/18 plates in the 
inner regions in order to see quantitatively the effect of using the 
longer-focus plates in these crowded fields (qualitatively we would 
expect the f / 18 plates to reduce crowding problems because of the 
l onger scale and to reduce the effects of the different background 
b cause of the slower f/ratio). We also used fixed-iris method, 
and a comparison of these with the usual variable-iris procedure is 
n eded . The annulus 3 ' < r < 4' is used for these comparisons as a 
typical inner region sample. 
3 .5.2.1 f/18 Variable-Iris And f/8 Variable-Iris Comparison 
Measurements were made on f/8 (2 min exposure) and f/18 
(8 , 10 minu t e e xposure s) plates using the variab l e -iris method . 
95 
FIGURES 3.6a,b 
Comparison between magnitudes from f/8 and f/18 plates. 
There is good agreement for the brighter stars, while for the 
fainter ones the f/18 magnitudes are slightly brighter than the 
f/8 ones . 
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described in §3.3.2. Comparison of the results is shown in Figures 
3 . 6~ , b. For the f/S plates , Menzies' stars were used as standards, 
while for the f / lS plates stars in the annulus 6 ' < r < 7' were used, 
as described in §3.5.1. We recall that there is no systematic 
difference between these two sets of standards. Figures 3.6 show that, 
(i) the f/S and f/lS magnitudes agree well for stars brighter than 
97 
V - 13.2, B ~ 13.9, (ii) for the fainter stars, the f/lS magnitudes are 
brighter than the f/S magnitudes, by about O.OS mag at V = 14.0, B = 14.S, 
(iii) there is no significant difference between the f/lS and f/S (B-V) 
colors over the whole magnitude range V ~ 14.5. 
3.5. 2 . 2 f / lS Fixed-Iris And f / S Variable - I ris Comparison 
Ross' (1936) fixed-iris method was studied further by Dixon (1970) 
as a method of iris photometry that is less sensitive to background 
variations than the usual variable-iris procedure. The iris servo 
system is disenabled, the iris fixed to cover the brightest star image, 
and the photomultiplier output recorded for (i) the program star centred 
in the iris, (ii) nearby sky points in the iris. The ratio Q = (deflection 
for star) / (mean deflection for nearby sky) is then plotted against 
magnitude for the standard stars to give a calibration curve. Four sky 
positions were measured for each star and, as before, it was necessary 
to measure the stars in two separate magnitude groups; one had V < 13.5, 
the other V > 13 .5. 
Figures 3.7~, b show that f/lS fixed-iris and f/S variable-iris 
magnitudes agree well for stars brighter than V - 13.5. For the fainter 
stars we see that the fixed-iris magnitudes are fainter than the variable-iris 
magnitudes. The difference for the fainter star is 0 . 12 for V ~ 14.0 and 
B ~ 14.S, but again by almost the same amount in V and B. From these 
FIGURES 3.7~,~ 
Comparison between the magnitudes obtained using f/l8 
fixed-iris and f/8 variable-iris methods Both magnitudes are 
in good agreement for the bright part (V ~ 13.5), while for the 
faint part the fixed-iris magnitudes are somewhat fainter. 
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diagrams we can say also that there is no significant difference in the 
color as measured by both methods. 
We see from §3.S.2.l and §3.S.2.2 that the variable-iris 
magnitudes in the 3 ' ~ 4 ' region are brighter than the fixed-iris 
magnitudes. This is in the sense we would expect if the difference 
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is due to the way ~n which the Ross method (1936) takes account of the 
diffuse cluster background. We felt it was worth checking quantitatively 
that this is in fact the reason for the difference. To do this we traced 
some star profiles on a microphotometer and estimated the likely error 
induced in the variable-iris magnitudes by the background in this 
region. 
3.S.3 Effect Of Background On Photographic Magnitudes 
First we show by a simple example how the Ross method (1936) 
reduces the effect of background. We assume that the calibration curve 
for the photographic plate has the form D = KI , where D is the specular 
photographic density above chemical fog, K is a constant and I is the 
incident intensity (this linear calibration curve holds accurately for 
IIa-O emulsion with standard developing procedures for D $ 1.0; for 
IIaD there is a small "Toe" at the low density end). If we take a 
star with radial density profile D = D(r) , centre this star in an iris 
of radius R, and illuminate it uniformly with unit intensity , then we 
can evaluate the ratio Q = (photometer deflection for star in iris) / 
(deflection for sky only in iris) . If the background is negligible , 
then 
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Now say the background is not negligible , then because the calibration 
curve is linear, and the density profile for the star is now D = D + D(r) 
B 
where the background density is DB ' then the ratio Q is 
lR -DB-D(r) Ql = 2nrlO o [R -D dr/ Jo 21T rlO B dr = Qo 
i.e . within the assumptions made (the main one being that the total 
density $ 1.0) , the Q value is independent of background . This means 
that the Ross method should give fairly good magnitudes for stars in 
regions of enhanced background when referred to standards in regions of 
zero background. 
On the other hand, the variable-iris method works by adjusting 
the iris radius R to make the photometer deflection for star in iris 
the same for all stars, i.e. 
A 
it equalises the quantity 
£ R2• r10 -0 (r) dr 
for all stars by changing R. Let R be the iris reading for this star 
o 
with D = D(r) when DB = O. For DB % 0 the iris reading 
[ Rl -DB-D(r) [0 J
o 
21TrlO dr = 0 2nrlO-D(r) dr 
is Rl where 
i.e . the variable-iris method will give magnitudes in regions of 
enhanced background that are too bright when referred to standards in 
regions of zero background. . 
As an examp le, we traced the densi ty distribution in blue light 
(Plate 3175) for two stars in the 3 ' - 4' region with the Joyce-Loebl 
microphotometer and estimated , from these tracings , the magnitude error 
in variable iris magnitudes produced by the nonzero background (the 
unresolved background density in the 3 ' - 4 ' region is about 0 . 018 
higher than in the 6 ' - 7 ' region). Figure 3 .8 shows the transmission 
p r ofiles for the two stars , with zero background and with a background 
density of 0 . 018. 
FIGURE 3.8 
The transmission profiles for two stars from a blue plate 
area 3 < r < 4 arc min (with and without background density) 
the background is about 0.018 higher than in the area 
< 7 arc min. 
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It is clear from the profiles that the size of the error 
induced by the nonzero background depends on the reference intensity A 
defined above. This reference intensity is set by the observer at 
the beginning of a me asuring session when he decide s on the iris 
setting for a star of some given magnitude (§3.3.2). For this 
calibration we chose two reference intensities, corresponding to an 
iris radius for star 95 of 15 units and 8 units in the case of zero 
background density DB. These radii units are those s hown in 
Figure 3.8. 
15 
h 15 ' h f . .. f 2 10-D(r) For t e un1.t case, t e re erence 1.ntens1.ty 1.S 0 n r dr 
518.5 units for DB = O. Table 3.6 gives the measured B magnitude and 
iris radii R, calculated from the above equations, for the two stars 
(*94,*95) with and without the enhanced background. 
TABLE 3.6 
COMPARISONS WITH AND WITHOUT THE ENHANCED BACKGROUND 
Star B(FI f/18) R(DB=O) R(DB =0.018) tIS tlB 
94 13.81 16.344 16.570 23.37 -0.12 
95 14.84 15.000 15.284 27.02 -0.35 
2 2 The quantity tiS is the difference in iris area n (RO. 018 RO ) . 
To estimate the magnitUde error we assume that the calibration curve 
for iris area against stellar magnitude, as derived from the standard 
stars, has the form 
S = A + B·IO-0 . 4m 
where At B are constants and m is the apparent magnitUde of the star: 
this form seems reasonable from the simple geometry of the iris 
illumination. Then a small difference tiS is interpreted as a 
difference 6m in magnitude , where 
6m = -1.09 6S I(S-A) = m(measured)-m(true). 
These differences are shown in the last column of Table 3.6, i.e. 
the effect of the nonzero background is to make the variable-iris 
magnitudes too bright by 0 . 12 mag for *94 and 0.35 mag for *95 (with 
the reference intensity 518.5), when these stars are compared with 
standards in a region with 0 = O. For a reference intensity B 
corresponding to R = 8 units for *95 with DB = 0, the corresponding 
errors are smaller : 6B(*94) = -0.04 , 6B(*95) = -0.12. These are 
comparable with the errors derived directly from Figure 3.7b. 
To summarize sections 3.5 . 2 and 3 . 5 . 3: magnitudes derived by 
the Ross method for the inner regions will be significantly better 
than variable-iris measures , which give magnitudes - 0.1 magnitude 
too bright for the HB stars in the 3 ' - 4' region. On the other 
hand , systematic errors in the color B-V induced by background changes 
are much smaller . Random errors in magnitudes and colors due to 
crowding will Occur in both methods of iris photometry and their 
effects are evident in the c-m diagrams for the inner regions. 
3.5 . 4 Corrections 
All measurements were made using the variable-iris (using f/8 
and f/18 plates) and the fixed-iris method (using f / 18 plates) for 
the inner regions. It was difficult to measure all the stars with the 
fixed-iris method because of crowding in the inner regions, so we 
measured the stars which were reasonably free from c rowding and had 
the correlation curves between the fixed-iris and variable-iris 
magnitude in each region (4 ' - 5 ', 3 ' - 4 ' , 2 ' - 3 ' , 90" - 2 ' and 
65" - 90" ). From these correlation curves all the magnitudes obtai:1ed 
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using the variable-iris method were converted to magnitudes on the 
fixed-iris scale . The following section (3.5.5) shows that all the 
corrected local c -m diagrams are very similar to the mean c-m 
diagram of the outer region. 
3.5.5 The Local c-m Diagrams 
The V and B-V values for stars with 65" < r < 5 ' are given in 
Table 3.7. The first column gives the region of the star chart , the 
second column gives the star identity number in each region, and the 
remaining columns give the V and B-V values. The color-magnitude 
diagrams constructed from Table 3.7 are shown in Figures 3.9~ , £, ~, 
~ , ~: the five diagrams are for stars with 65 < r < 90 arc sec , 
1.5 < r < 2 arc min , 2 < r < 3 arc min, 3 < r < 4 arc min and 
4 < r < 5 arc min . All stars which are brighter than V = 15.0 mag 
were plotted. Clear separations among HB, GB and AGB stars can be 
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seen in the diagrams with 2 < r < 5 arc min, but are not so clear in 
the diagram with 65 < r < 120 arc sec. The typical internal mean error 
of V magnitude is between 0.03 to 0.04 mag, while for B it is 0 .03 
to 0.05 mag depending on the zone . 
FIGURES 3.9a-e 
Local color-magnitude diagrams for the inner region. The 
fiv diagrams show the c-m'j d i agram in a 5' < r < 4', 
b 3' < r < 4', c 2' < r < 3', d 90" < r < 2' and e 65 " < r < 90" 
reg i on. 
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TABLE 3.7 
MAGNITUDES AND COLORS OF STARS IN THE INNER REGI ONS 
Star v B-V 
4 ' < r < 5 ' 
D 21 14.17 .95 
D 25 14.00 .84 
D 26 14.91 .87 
D 27 14 . 08 .88 
D 110 14.80 .85 
D 132 14.06 .84 
14 . 03 
14 . 11 
13 . 75 
14.55 
13.59 
12.96 
14.08 
13 . 37 
14.51 
13.96 
14 . 53 
14.07 
14.05 
14 . 05 
14.03 
13.45 
14.08 
13.71 
14 . 10 
14.51 
13.87 
14.07 
13 . 96 
14 . 33 
14.27 
14.57 
13 . 94 
14.04 
.78 
.82 
.92 
.97 
1.09 
1. 25 
.85 
1.19 
.87 
1.12 
.99 
1. 05 
.86 
. 86 
.81 
1. 22 
.86 
1.12 
.80 
.96 
.96 
.84 
.75 
.99 
.99 
.97 
.79 
.77 
D 133 
D 135 
D 136 
D 137 
D 207 
D 208 
D 212 
D213 
D 214 
D 215 
D 216 
D 236 
D 237 
D 238 
D 239 
D 240 
D 242 
D 289 
D 290 
D 291 
D 292 
D 294 
D 295 
D 296 
D 297 
D 298 
D 299 
D 300 
D 330 
D 331 
D 332 
D 333 
D 334 
D 335 
13.79 1.07 
11. 89 1. 61 
13.68 1.12 
13.94 .65 
14.08 .89 
14.12 .89 
D 372 14 . 11 
D 382 13 . 93 
D 402 14 . 44 
D 403 14.50 
D 404 14.45 
D 421 14 . 01 
D 422 14 . 53 
D 426 13 . 89 
D 427 14.08 
D 428 14.08 
.89 
.91 
. 98 
.94 
.97 
.77 
.94 
.91 
.89 
. 91 
Star v B-V 
D 429 13.72 1.07 
D 430 14.45 .99 
D 446 14.40 .92 
D 447 14.05 . 80 
D 448 14.05 . 80 
D 461 14.07 . 86 
D 488 
D 491 
D 494 
D 495 
D 501 
D 507 
D 508 
D 562 
D 563 
D 564 
D 565 
D 566 
D 567 
D 576 
D577 
D 578 
D 630 
D 648 
D 649 
D 650 
D 651 
D677 
D 684 
D 701 
D 732 
E 28 
E 30 
E 31 
E 32 
E 33 
E 34 
E 36 
E 37 
E 48 
13.35 
13 . 88 
14.70 
14.13 
14.80 
14.49 
14.88 
14.39 
14.07 
14 . 57 
13.96 
14.11 
13.45 
13.93 
14.14 
13.90 
13.80 
13 . 93 
12.46 
13.51 
14.33 
12.94 
12.70 
15.19 
14.16 
14.02 
14.04 
13.99 
12.91 
14.61 
11. 97 
13 . 83 
14.04 
15.14 
1.13 
1.09 
.78 
1.05 
.85 
.90 
.78 
1.13 
.73 
.94 
.82 
.78 
1.16 
.88 
.83 
. 88 
1.12 
1.14 
1. 36 
1.18 
.96 
1. 24 
1.22 
.64 
. 86 
.87 
1.03 
.89 
1.16 
.93 
1. 53 
. 85 
.87 
.71 
E 125 13.72 1.13 
E 127 13.29 1.07 
E 128 13.73 1 . 12 
E 129 14.61 .97 
E 130 13.63 1.13 
E 131 14.67 .95 
E 153 13.85 .85 
E 154 14.03 .86 
E 155 13 . 95 . 89 
E 156 14.02 .85 
Star v B-V 
E 157 14.27 1. 02 
E 162 14.81 .86 
E 163 14.84 .80 
E 164 13.85 .87 
E 165 13.09 1.11 
E 166 13.96 .80 
E 167 
E 168 
E 169 
E 213 
E 214 
E 215 
E 220 
E 263 
E 264 
E 279 
E 280 
E 281 
E 282 
E 324 
E 325 
E 326 
E 327 
E 328 
E 341 
E 342 
E 343 
E 344 
E 345 
E 346 
E 347 
E 380 
E411 
E 412 
E 413 
E 416 
E 417 
E 418 
E 420 
E 421 
14.48 
14 . 00 
14.07 
13.79 
14.15 
13.25 
14.06 
14.57 
14 . 10 
14.03 
14 . 56 
14 . 51 
13.24 
13.82 
13.94 
13.93 
13 . 98 
14.00 
14.04 
14 . 76 
14.04 
14.00 
11.94 
13 . 98 
14.02 
13.24 
14.93 
12 . 64 
13.39 
14.02 
13.78 
14.48 
14.54 
13.84 
.98 
.85 
.87 
.93 
.98 
1. 21 
.86 
.92 
.88 
.79 
. 92 
.98 
1.11 
1.10 
.82 
1.10 
.82 
.81 
.88 
.93 
.83 
.82 
1. 56 
.88 
.87 
1.04 
.88 
1.27 
1.14 
.91 
. 77 
. 95 
.93 
.91 
E 422 14 . 34 .97 
E 423 14.04 .83 
E 424 13.88 .88 
E 425 14.52 .98 
E 428 14.04 .79 
E 429 14.67 .93 
E 430 13.63 1.04 
E 431 14.59 .89 
E 432 14.00 . 86 
E 433 14.07 . 83 
110 
Continued 
Star V B-V 
E 434 13.25 1.07 
E 435 13.68 .88 
E 445 14.58 .92 
E 475 14.37 . 99 
E 476 14.05 .82 
E 477 13.70 1.05 
E 478 13.94 .81 
E 479 12.95 1.22 
E 480 14.51 1.00 
E 481 14.06 .88 
E 520 13.87 .84 
E 521 13.47 1.12 
E 522 13.95 .78 
E 523 13.27 1.07 
E 524 13.99 .84 
E 525 13.11 1.10 
E 526 14.92 .36 
E 527 14.58 .80 
E 528 13.90 .83 
E 535 
E 536 
E 537 
E 538 
E 561 
E 562 
E 594 
E 595 
E 596 
E 597 
E 598 
E 599 
E 600 
E 601 
E 602 
E 603 
E 604 
E 605 
E 606 
E 607 
E 608 
E 609 
E 610 
E 611 
E 612 
E613 
E 614 
E 615 
13.95 
14.69 
14.10 
12.40 
12.91 
13.26 
14.15 
13.94 
14.11 
14.39 
14.02 
12.23 
14.06 
13.93 
14.32 
14.12 
13.87 
14.55 
13.91 
13.76 
14.07 
14.48 
13.99 
14.77 
14.13 
13.80 
14.92 
12.63 
E 616 14.54 
E 659 13.97 
E 660 14.53 
.75 
.89 
.84 
1. 34 
1. 08 
1. 02 
.83 
.76 
.80 
.93 
.80 
1. 48 
.87 
1. 06 
.98 
.82 
.81 
.96 
.86 
1. 09 
.81 
.90 
.94 
.89 
.99 
.85 
.75 
1. 32 
.99 
.84 
.94 
TABLE 3.7 
Star V B-V 
E 662 14.21 1.01 
E 663 11.69 1.78 
E 664 12.12 1.48 
E 665 14.12 1.01 
E 666 13.94 .82 
E 669 14.75 .89 
E 670 14.02 .87 
E 671 13.72 1.10 
E 700 15.11 .69 
E 713 14.96 .77 
E 720 15.06 .94 
E 743 15.07 .74 
E 805 14.34 .84 
E 914 14.71 .91 
E 915 14.71 .90 
EI026 14.38 .91 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
3' < r < 4' 
7 14.86 
8 14.74 
10 
18 
17 
20 
24 
25 
38 
39 
40 
42 
43 
44 
45 
46 
49 
50 
51 
52 
53 
54 
55 
56 
94 
95 
96 
97 
98 
99 
15.03 
13.89 
14.01 
14.45 
13.08 
13.13 
13.98 
14.59 
13.68 
13.38 
14.18 
12.12 
13.95 
13.87 
12.36 
14.12 
14.09 
14.58 
14.45 
14.13 
14.53 
14.15 
12.51 
14.02 
14.11 
11. 73 
12.42 
14.19 
.92 
. 97 
.82 
. 75 
.79 
.98 
1.18 
1. 25 
.73 
.92 
1.08 
1. 06 
1.04 
1. 43 
.81 
1.06 
1. 35 
.84 
.86 
1.00 
.99 
.75 
1. 01 
.78 
1. 30 
.82 
.86 
1. 74 
1.27 
.96 
E 102 14.07 .81 
E 103 14.22 .96 
E 104 14.14 1.03 
Star V B-V 
E 105 14.16 . 79 
E 106 13.26 .99 
E 107 14.04 .83 
E 108 13 . 96 . 77 
E 109 14. 11 . 84 
E 120 14.40 1.05 
E 121 14.72 1.02 
E 123 14.10 .86 
E 124 14.15 .77 
E 126 14.60 .95 
E 148 14.02 .86 
E 149 14.10 .77 
E 151 14 .17 .82 
E 152 14.15 .82 
E 158 14.17 .82 
E 159 14.01 .83 
E 160 14.59 .93 
E 161 14.80 .97 
E 171 14.13 .83 
E 172 13.23 
E 173 14.41 
E 174 14.11 
E 176 12.29 
E 177 14.50 
E 178 14.79 
E 179 14.00 
E 180 14.07 
E 181 12.40 
E 182 11.79 
E 183 14.12 
E 184 14.56 
E 211 12.80 
E 212 13.63 
E 216 14.02 
E 217 13.94 
E 218 14.03 
E 219 13.84 
E 221 13.23 
E 222 14.56 
E 223 14.59 
E 224 14.57 
E 225 14.17 
E 226 14.17 
E 227 14.10 
E 258 14.10 
E 259 14.08 
E 260 14.12 
E 261 14.18 
E 262 14.15 
E 265 14.07 
1. 03 
.91 
.87 
1. 28 
.96 
. 94 
1. 04 
.80 
1. 38 
1.68 
.85 
.97 
1. 27 
1. 07 
. 98 
.77 
.77 
.87 
1. 02 
1. 01 
. 97 
.96 
. 86 
.84 
.77 
.87 
.79 
. 84 
.81 
.80 
.71 
111 
Continued 
S t ar 
E 266 
E 267 
E 268 
E 269 
E 2 75 
E 276 
E 277 
E 278 
E 283 
E 284 
E 285 
E 286 
E 287 
E 288 
E 311 
E 312 
E 313 
E 31 4 
E 315 
E 316 
E 3 17 
E 318 
E 319 
E 320 
E 321 
E 322 
E 323 
E 329 
E 330 
E 335 
E 336 
E 337 
E 338 
E 339 
E 340 
E 348 
E 349 
E 350 
E 351 
E 352 
E 353 
E 358 
E 359 
E 360 
E 361 
E 362 
E 363 
E 364 
E 365 
E 390 
V 
14.13 
14.28 
14.12 
14.15 
12.06 
14 . 46 
13 . 97 
14.11 
14 . 56 
14.25 
14.12 
14.12 
13.95 
14.51 
14 .03 
14. 10 
14. 10 
14 . 54 
14.10 
14.12 
13.16 
12.68 
13.85 
14 . 31 
14.01 
14 . 12 
12 . 12 
13.03 
14.54 
14 . 35 
12 . 79 
14 . 16 
14.10 
14.53 
13.93 
14 . 72 
14. 68 
14 .97 
13 . 12 
14.10 
14 . 13 
14.08 
14.50 
14.13 
13 . 59 
14 . 05 
14 . l3 
13.97 
13 . 95 
14 . 09 
8-V 
. 80 
. 94 
.81 
.87 
1. 48 
1. 01 
. 73 
.81 
.98 
.97 
.85 
.85 
.87 
. 97 
. 75 
. 82 
. 85 
1. 01 
. 90 
.85 
1. 04 
1. 29 
1.10 
. 99 
.86 
.83 
1. 51 
1. 22 
1. 20 
.97 
1. 29 
.91 
.84 
.98 
. 77 
.87 
.98 
. 93 
1.17 
. 84 
.87 
.83 
. 99 
.83 
1.11 
. 79 
.80 
.80 
.67 
.82 
TABLE 3.7 
Star 
E 39 1 
E 392 
E 393 
E 394 
E 395 
E 396 
E 397 
E 398 
E 399 
E 400 
E 401 
E 402 
E 403 
E 404 
E 405 
E 406 
E 407 
E 408 
E 409 
E 410 
E 411 
E 412 
E 414 
E 415 
E 426 
E 427 
E 436 
E 437 
E 438 
E 439 
E 440 
E 441 
E 442 
E 443 
E 444 
E 445 
E471 
E 472 
E 473 
E 474 
E 482 
E 483 
E 484 
E 485 
E 486 
E 487 
E 503 
E 504 
E 505 
E 506 
V 8-V 
14. 0 6 .80 
l3.88 1.07 
14.18 1.04 
14 . 09 .79 
14.19 1.06 
12 . 63 1. 29 
11.69 1.91 
12.42 1.24 
13.99 .91 
13.89 .87 
14.11 .85 
l3 . 11 1. 20 
14 . 54 . 96 
13 . 98 1. 06 
14 . 15 . 83 
14 . 00 . 84 
14.11 . 78 
14 . 14 .90 
14.06 .84 
14 . 18 .81 
14 . 14 .85 
12.45 1.34 
12.74 1.26 
14.23 .98 
12.66 1. 34 
13 . 60 1.07 
14 . 11 . 83 
14.15 .80 
14.29 .97 
13 . 13 1. 20 
14.08 .78 
14.52 1. 00 
14 . 09 .79 
14.03 . 84 
14 . 08 . 83 
14 . 68 . 90 
14 . 44 . 90 
l3 . 36 1.1 7 
14 . 63 .96 
14.59 . 95 
14.12 .80 
14 . 54 .97 
11. 88 1. 60 
13.49 1.06 
14.45 1.01 
12.54 1.32 
14 . 39 .94 
14.13 . 84 
14 . 12 .88 
14 . 18 .85 
Star V 
E 50 7 14. 09 
E 508 14.03 
E 509 14.11 
E 51 0 14.00 
E 511 14.12 
E 5 29 14.14 
E 530 14.17 
E 531 14.19 
E 53 2 13.99 
E 533 13 . 23 
E 534 14.22 
E 539 14.04 
E 540 14.39 
E 541 14 . 08 
E 54 2 14.94 
E 543 14.82 
E 55 3 14 . 06 
E 554 15 . 03 
E 555 14.71 
E 556 14.84 
E 55 7 14.13 
E 558 12 . 08 
E 559 14.73 
E 560 14.42 
E 563 12.14 
E 564 14.48 
E 565 14 . 14 
E 566 14.95 
E 567 13.70 
E 568 13 . 77 
E 569 13.75 
E 570 14.61 
E 574 14.01 
E 575 13.82 
E 590 14.03 
E 591 14 . 53 
E 593 13 . 29 
E 617 13 . 58 
E 618 14.13 
E 619 13.38 
E 6 20 12 . 00 
E 6 21 13 . 90 
E 62 2 14 . 17 
E 6 23 14.05 
E 6 24 13.62 
E 6 25 14.16 
E 62 6 14 . 19 
E 627 13 . 96 
E 628 14.10 
E 629 12 . 86 
8-V 
. 79 
1. 02 
.77 
. 76 
.83 
.80 
.75 
.85 
1.04 
.97 
. 83 
.82 
.91 
. 83 
. 88 
.94 
. 77 
. 81 
.95 
. 94 
. 78 
1.40 
.94 
. 9 7 
1.40 
.94 
.84 
.90 
1. 05 
1.04 
1. 05 
.93 
.75 
1. 01 
.79 
. 98 
1.14 
1.00 
.81 
1.17 
1. 59 
. 65 
.83 
.80 
1.15 
1. 05 
1.00 
1.00 
.78 
1.10 
11 2 
Continued 
Star 
E 653 
E 654 
E 655 
E 656 
E 657 
E 658 
E 667 
E 668 
E 672 
E 673 
E 674 
E 675 
E 676 
E677 
E 678 
E 679 
E 680 
E 681 
E 683 
E 690 
E 691 
E 692 
E 696 
E 697 
E 710 
E 711 
E 714 
E 721 
E 723 
E 724 
E 725 
E 726 
E 737 
E 740 
E 741 
E 742 
E 744 
E 745 
v 
14.58 
14.05 
14.11 
14.07 
13.84 
13.17 
13.79 
13.07 
14.01 
13.50 
14.11 
14.13 
13.94 
14.29 
14.16 
14.15 
14.12 
14.08 
14.69 
14.76 
14.99 
14.74 
14.86 
14.98 
15.00 
15.10 
14.83 
15.14 
14.94 
14.96 
15.17 
14.05 
15.19 
14.50 
15.17 
14.92 
15.09 
15.15 
E 746 15.06 
E 747 15.14 
E 748 14.97 
E 749 15.12 
E 899 
E 907 
E 908 
E 912 
E1907 
13.80 
14.95 
14.90 
14.67 
14.60 
2' < r < 
E 1 14.32 
E 2 14.36 
a-v 
. 99 
.83 
.73 
.84 
1.05 
1.19 
1. 06 
1. 08 
.88 
1.10 
.75 
.83 
.78 
1. 02 
.84 
.87 
.79 
.78 
.96 
.90 
.89 
1. 02 
.83 
.88 
.90 
.91 
.98 
.91 
.88 
.90 
.17 
.85 
.85 
.95 
.88 
.93 
.86 
.76 
.88 
.87 
.91 
.84 
1. 35 
.63 
.90 
.86 
1. 30 
3 ' 
.95 
.96 
TABLE 3.7 
Star 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
3 
11 
12 
14 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
v 
14.69 
14.66 
14.75 
14.70 
14.29 
14.06 
14.07 
14.53 
14.16 
12.40 
14.07 
14.11 
14.91 
13.25 
12.08 
14.00 
12.93 
13.94 
14.00 
14.37 
13.81 
14.18 
14.61 
14.00 
13.85 
14.51 
13 .99 
13.25 
14.47 
14.70 
12.08 
13.45 
13.85 
14.00 
14.06 
14.10 
13.71 
12.32 
a-v 
.95 
.90 
1. 00 
.91 
1.06 
.88 
.89 
.95 
.86 
1. 36 
.84 
1.03 
.94 
1. 20 
1. 54 
.74 
1.13 
.77 
1.03 
1. 03 
1. 07 
1.04 
.98 
1. 07 
1. 01 
1.01 
.87 
1.14 
.96 
.90 
1. 58 
.87 
1.03 
1.06 
.88 
.78 
1. 09 
1. 40 
E 91 14.37 .99 
E 92 14.42 .98 
E 93 14.27 1.04 
E 100 12.97 1.17 
E 101 
E 132 
E 133 
E 134 
E 135 
E 136 
E 137 
E 139 
14.49 
13.50 
13.89 
13.01 
14.08 
14.05 
14.15 
13.39 
.95 
.90 
.84 
1. 20 
.78 
1.05 
.87 
.33 
Star 
E 140 
E 141 
E 142 
E 143 
E 144 
E 145 
E 146 
E 147 
E 175 
E 185 
E 186 
E 187 
E 188 
E 189 
E 190 
E 191 
E 192 
E 193 
E 194 
E 196 
E 197 
E 198 
E 199 
E 200 
E 201 
E 202 
E 203 
E 204 
E 205 
E 206 
E 207 
E 208 
E 209 
E 210 
E 228 
E 229 
E 230 
E 231 
v 
14.04 
13.30 
14.88 
14.12 
13.11 
14.64 
14.53 
13.11 
11. 63 
14.12 
13.93 
14.10 
14.13 
14.12 
14.12 
14.13 
14.16 
14.56 
13 .95 
14.69 
14.11 
14.07 
13.21 
14.09 
14.33 
14.12 
14.08 
14.09 
14.05 
14.64 
14.42 
14.13 
13.91 
14.20 
14.17 
14.07 
14.21 
12.91 
a-v 
.81 
1.11 
.88 
.85 
1. 22 
.96 
1.04 
1. 23 
1. 86 
.87 
1.10 
.90 
.91 
.86 
1. 04 
.84 
.87 
1. 02 
1.08 
.99 
.83 
.78 
1. 24 
.91 
1.06 
.83 
.81 
.80 
.72 
1.04 
.95 
.87 
.89 
.86 
.84 
.87 
.89 
1. 26 
E 232 13.96 .82 
E 233 14.17 .85 
E 234 13.88 1.04 
E 235 14.53 1.00 
E 236 
E 237 
E 238 
E 239 
E 240 
E 241 
E 242 
E 243 
14.46 
13.59 
13.99 
13.73 
13.78 
13.79 
14.71 
14.07 
1. 00 
1. 03 
.85 
.84 
1. 08 
1.10 
.91 
1.04 
113 
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Star 
E 244 
E 245 
E 246 
E 247 
E 248 
E 249 
E 250 
E 251 
E 252 
E 253 
E 254 
E 255 
E 256 
E 257 
E 270 
E 271 
E 272 
E 273 
E 274 
E 289 
E 290 
E 291 
E 292 
E 293 
E 294 
E 295 
E 296 
E 297 
E 298 
E 299 
E 300 
E 301 
E 302 
E 303 
E 30 4 
E 305 
E 306 
E 307 
E 308 
E 309 
E 310 
E 331 
E 332 
E 333 
E 334 
E 354 
E 355 
E 356 
E 357 
E 366 
v 
13.71 
14.08 
14.04 
14.06 
14.17 
13.43 
14.12 
14.53 
13.46 
13.70 
14.04 
14.05 
14.10 
14.79 
12.87 
14.29 
14.17 
14.77 
14.54 
14.13 
14.18 
14.17 
14.20 
14.13 
14.27 
14.32 
14.14 
14.08 
14.77 
14.47 
13.84 
13.52 
12.34 
13.95 
11. 69 
13.99 
12.74 
14.59 
14.15 
13.36 
14.03 
14.18 
13 .95 
13.99 
14.33 
12.44 
13.60 
14.14 
14.54 
13.16 
8-V 
1. 08 
.90 
.92 
.82 
.86 
1. 10 
.90 
.94 
1. 20 
1. 06 
.87 
.81 
.88 
.93 
1. 27 
.99 
.86 
.96 
.97 
.92 
.86 
.85 
.85 
.83 
.99 
.98 
.90 
. 81 
.97 
.99 
.78 
1.16 
1. 40 
1. 05 
1. 82 
.80 
1. 25 
.98 
.85 
1. 07 
.75 
. 85 
1. 24 
.90 
1. 04 
1. 35 
1.13 
.87 
1. 04 
1.19 
TABLE 3.7 
Star 
E 367 
E 368 
E 369 
E 370 
E 371 
E 372 
E 373 
E 374 
E 375 
E 376 
E 377 
E 378 
E 379 
E 380 
E 381 
E 382 
E 383 
E 384 
E 385 
E 386 
E 387 
E 388 
E 389 
E 446 
E 447 
E 448 
E 449 
E 450 
E 451 
E 452 
E 453 
E 454 
E 455 
E 456 
E 457 
E 458 
E 459 
E 460 
E 461 
E 462 
E 463 
E 464 
E 465 
E 466 
E 467 
E 468 
E 469 
E 470 
E 488 
E 489 
V 8-V 
14.13 . 83 
13.25 1.02 
14.03 . 89 
11.64 1.94 
12.36 1.32 
12.87 . 95 
13.88 .89 
13.99 .78 
14.06 .88 
14.08 .87 
14.58 .94 
14.18 .85 
13.99 .82 
13.84 .73 
14.13 .86 
13 . 95 .88 
14.06 .80 
13.71 1.04 
12.98 1.13 
14.11 .82 
14.53 .95 
14.10 .81 
14.58 .96 
14.10 .78 
14.13 .80 
13.57 1.11 
12.811.20 
14.09 .80 
14.03 .80 
14.51 .94 
13.94 .82 
12.71 1.29 
12.89 1.20 
14.02 .85 
14.12 .83 
13.95 1.23 
14.46 .93 
14.01 .79 
14.92 .85 
14.04 1.02 
14.10 .78 
14.01 .81 
14.04 . 79 
14.59 1. 00 
13.57 1.14 
14.02 .79 
14.12 . 82 
13.14 1.07 
14 .09 . 82 
14.09 .79 
Star V 8-V 
E 490 14. 12 . 82 
E 491 14 .14 .86 
E 492 14.49 1.02 
E 493 14.15 .82 
E 494 14.35 .99 
E 495 14.15 .86 
E 49 6 14.48 . 97 
E 497 14.09 .84 
E 498 14.41 .91 
E 49 9 14.11 . 79 
E 500 14.10 . 86 
E 501 14.04 1.03 
E 502 13.86 .82 
E 512 12.62 1.27 
E 513 14 .12 .84 
E 514 14.10 .79 
E 515 14.45 .92 
E 516 14.04 .78 
E 517 14.10 .83 
E 518 14.06 .82 
E 519 14.60 .98 
E 544 14.08 . 70 
E 545 14.44 .99 
E 546 13 . 95 1 . 00 
E 547 12.78 1.10 
E 548 13 . 55 1.12 
E 549 13 .4 2 1.11 
E 550 14.52 .90 
E 551 14 .70 .81 
E 552 14 . 05 .86 
E 553 14.10 .81 
E 571 14.12 .78 
E 572 14.11 .83 
E 573 14.66 .98 
E 576 13.20 . 93 
E 577 13.41 1 . 08 
E 578 14 .11 .76 
E 579 14.14 .78 
E 580 14.71 . 93 
E 581 14.26 1.04 
E 582 11.95 1.62 
E 583 13.56 1.12 
E 584 13.96 1.05 
E 585 14.36 . 95 
E 586 13 . 21 .97 
E 587 12.77 1 . 27 
E 588 14.10 .79 
E 589 12.93 1.27 
E 592 14 .1 7 .86 
E 630 12.88 1.20 
Continued 
114 
Star V 
E 631 14.20 
E 632 14.18 
E 633 14.79 
E 634 14.11 
E 635 14.56 
E 636 14.09 
E 637 11. 99 
E 638 14.47 
E 639 13.88 
E 640 14.70 
E 641 14.63 
E 642 14.07 
E 643 14.11 
E 644 14.01 
E 645 14.11 
E 646 13.54 
E 647 14.44 
E 648 14 .22 
E 649 14.07 
E 650 14.05 
E 651 14.22 
E 652 
E 682 
E 684 
E 685 
E 686 
E 687 
E 688 
E 689 
E 693 
E 694 
E 695 
E 698 
E 699 
E 701 
E 715 
E 716 
E 717 
E 718 
E 728 
E 729 
E 730 
E 732 
E 733 
E 734 
E 736 
E 750 
E 751 
E 752 
E 753 
13.95 
14.16 
14.18 
14.60 
13.44 
14.29 
14.02 
14.13 
14.70 
14.55 
14.81 
15.28 
15.21 
14.77 
14.88 
14.79 
14.78 
14.93 
14.96 
14.83 
15.04 
14.77 
14.79 
15.06 
14.99 
14.60 
14.86 
15. 27 
15.14 
8-V 
.89 
.87 
1. 01 
.84 
1. 00 
.80 
1. 63 
1. 00 
.87 
1.00 
.98 
.83 
.79 
.79 
.82 
1. 17 
.96 
.99 
.78 
.86 
.94 
.93 
.79 
.90 
1.01 
1.19 
.99 
.78 
.81 
.89 
.95 
. 94 
.90 
. 93 
1.08 
.92 
.86 
1. 05 
.93 
.87 
.93 
. 91 
.95 
.98 
.85 
. 91 
.94 
.86 
. 80 
.91 
TABLE 3.7 
Star V 8-V 
E 754 14.84 .93 
E 800 14.23 .89 
E 801 14.02 .76 
E 816 13.77 .85 
E 817 14.03 .74 
E 818 14.08 .87 
E 819 14.09 .78 
E 890 12.60 1.11 
E 891 14.12 .86 
E 892 14.12 .86 
E 893 13.86 1.01 
E 894 12.89 1.23 
E 895 14.08 .81 
E 896 12.60 1.28 
E 897 14.40 .97 
E 898 14.73 .90 
E 900 15.10 .92 
E 911 14.12 .96 
E1716 14.87 .87 
E1800 14.65 .79 
F 1 11.90 1.51 
F 2 
F 3 
F 59 
F 60 
F 66 
F 75 
F 76 
F 77 
F 78 
F 79 
F 80 
F 84 
F 112 
F 113 
F 114 
F 115 
F 116 
F 142 
F 143 
F 144 
F 145 
F 146 
F 163 
F 213 
F 214 
F 216 
F 217 
F 218 
F 219 
13.50 
13 .98 
14.47 
12.34 
12.00 
14.06 
14.04 
14.02 
14.88 
15.04 
14.58 
.92 
.84 
.95 
1. 37 
1. 50 
1. 08 
.80 
.88 
.85 
.76 
.90 
13.24 1.00 
14.71 .89 
14.04 .83 
14.59 .90 
13.98 .98 
14.32 .96 
14.48 .84 
14.40 .95 
14.09 .86 
13.24 1.01 
14.79 .91 
13.92 .84 
13.81 .81 
14.49 .96 
15.04 .85 
14.69 .92 
12.13 1.49 
14.73 .97 
Star 
F 238 
F 239 
F 240 
F 241 
F 243 
F 244 
F 245 
F 246 
F 247 
F 249 
F 250 
F 307 
F 308 
F 309 
F 310 
F311 
F 312 
F313 
F317 
F 327 
F 328 
V 8-V 
13.93 .82 
13 . 50 1.12 
14.01 .77 
14.67 1.00 
13.03 1.08 
14.62 . 86 
14.44 . 96 
13.95 1.01 
13 .79 .84 
14.09 .86 
13. 95 1.03 
12.40 1.26 
13.96 .82 
12.87 . 95 
14.51 .82 
14.03 .71 
13.66 1.07 
13.12 1.02 
13.84 .82 
13.50 1.07 
14.03 .81 
F 329 11.96 1.49 
F 330 11.90 1.56 
F 331 12.73 1.07 
F 332 14 . 03 1.05 
F 333 11.86 1.56 
F 380 13.00 1.08 
F 381 14.21 1.02 
F 382 13.02 1.16 
F 383 14.06 .79 
F 384 12.91 1.06 
F 385 13.67 .88 
F 392 14.11 .90 
F 393 13.52 1.09 
F 394 13.11 .98 
F 395 13.55 . 83 
F 396 14.10 . 84 
F 441 13.47 .97 
F 442 14.50 .84 
F 443 14.65 .82 
F 444 13.94 1.02 
F 445 13.05 1.20 
F 446 14.01 .80 
F 447 14.77 . 89 
F 497 14.04 .80 
F 498 14.05 .85 
F 499 14.05 . 99 
F 500 13.93 .83 
F 501 13.58 1.07 
F 502 13.80 1.07 
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Star v 8-V 
F 503 14.02 .89 
F 504 14.48 .96 
F 505 13.61 1.03 
F 524 14.48 .92 
F 525 13.25 .99 
F 555 14.13 .91 
F 556 
F 557 
F 558 
F 559 
F 561 
F 562 
F 565 
F 586 
F 587 
F 588 
F 589 
F 801 
F 802 
F 803 
F 804 
F 807 
F 808 
F 809 
F 810 
F811 
F 812 
14.7l 
14.84 
14.32 
14.10 
12.87 
14.27 
15.14 
13.76 
13.29 
12.34 
12.88 
12.5 2 
14.11 
14.43 
13 . 14 
13.73 
14.04 
13.93 
14.03 
13.92 
13.88 
.85 
.84 
.97 
.87 
1.15 
1.04 
.76 
.81 
1.02 
1. 37 
1. 20 
1. 28 
.84 
.94 
1. 06 
1.08 
.69 
.82 
.98 
.74 
.79 
F 813 14.09 .86 
90" < r < 2 ' 
F 4 14.07 
F 5 14.02 
F 6 14.12 
F 7 14.65 
F 8 14.08 
F 9 14.20 
F 10 14.01 
.94 
.90 
.86 
.75 
.80 
.97 
.81 
F 13 14.24 .72 
F 14 14.00 .87 
F 15 13.87 .87 
F 16 14.45 .98 
F 17 14. 38 .88 
F 42 13.95 .92 
F 43 14.00 .84 
F 44 13.98 1.02 
F 45 13.10 1.12 
F 46 13.95 .72 
F 47 14.80 .98 
F 48 13.97 .83 
F 49 14.81 .80 
F 50 14. 85 .86 
F 51 14.05 .87 
TABLE 3.7 
Star v 8-V 
F 52 14.40 .95 
F 53 14.09 .86 
F 54 12.35 1.32 
F 55 13.13 1.20 
F 56 13.74 1.14 
F 57 13.99 1.07 
F 58 13.83 
F 61 13.68 
F 62 13.33 
F 63 14.13 
F 64 13.97 
F 65 14.46 
F 67 13.97 
F 68 14.01 
F 69 14.31 
F 7l 14.27 
F 72 13 . 89 
F 73 13.89 
F 74 14.04 
F 81 14.84 
F 82 14.93 
F 83 14.50 
F 85 14.11 
F 86 12.03 
F 87 13.77 
F 88 13.92 
F 89 12.21 
.83 
1.07 
1.05 
1.09 
1. 07 
.97 
1. 03 
.78 
1.06 
.89 
.72 
1.05 
1.10 
.58 
.89 
1.00 
1.02 
1. 49 
.84 
.92 
1. 69 
F 90 13.75 .76 
F 91 14.04 1.03 
F 107 14.44 .95 
F 108 13.59 1.13 
F 109 14.08 .85 
F 110 13.61 .97 
FIll 12.22 1.37 
F 117 14.07 .85 
F 118 13.95 .87 
F 119 13.06 1.13 
F 120 13.89 .85 
F 121 14.12 .97 
F 122 14 .45 .87 
F 123 14.80 .81 
F 124 14.09 .82 
F 134 14.01 .79 
F 136 13.79 1.04 
F 137 14.60 .97 
F 138 14.62 .99 
F 139 15.23 .81 
F 140 13.38 1.20 
F 141 14.14 .89 
F 147 14.10 .81 
F 148 14.18 .94 
Star v 
F 149 14.15 
F 150 14 . 77 
F 151 13.79 
F 152 14.02 
F 157 15.13 
F 158 13.96 
F 159 
F 160 
F 161 
F 162 
F 166 
F 168 
F 169 
Fl7l 
F 172 
F 173 
F 182 
F 183 
F 184 
F 185 
F 203 
F 204 
F 205 
F 206 
F 207 
F 208 
F 209 
14.55 
14.11 
14.11 
12.14 
13.97 
14.17 
14.80 
14.47 
15.04 
14.53 
14.05 
14.03 
13.97 
13 .95 
11. 70 
13.32 
14.07 
13.60 
13.97 
13.65 
14.52 
8-V 
.83 
.79 
.84 
.82 
.81 
.90 
.97 
.78 
. 85 
1.49 
. 87 
.90 
.86 
.97 
.95 
.97 
.83 
.99 
.98 
1. 05 
1.77 
1.00 
1.10 
.99 
.83 
1.10 
.99 
F 210 13.30 1.18 
F 211 13.35 1.03 
F 212 13.99 .91 
F 215 13.28 1.13 
F 220 14.19 .90 
F 221 14.64 .96 
F 222 14 .08 .89 
F 223 14.30 . 95 
F 224 14.55 1.00 
F 225 14.10 .88 
F 226 13.95 .75 
F 227 13.57 1.07 
F 234 14.12 .83 
F 235 14.54 .90 
F 236 15.00 .85 
F 237 14.50 . 96 
F 248 13.97 1.00 
F 251 14.2 2 .92 
F 252 14.07 .90 
F 25 3 14.40 1.01 
F 254 13.36 1.10 
F 255 14.03 . 94 
F 256 14.11 .88 
F 257 13.99 .83 
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Star V 8-V 
F 258 14.69 .84 
F 259 14.05 .82 
F 270 13.98 .87 
F 271 12.66 1.26 
F 273 13.86 1.14 
F 274 12.61 1.19 
F 275 14.18 .92 
F 276 12.03 1.50 
F 277 13.28 .95 
F 278 12.95 1.19 
F 279 14.01 .81 
F 280 14.60 .95 
F 281 14.42 .96 
F 282 14.09 .86 
F 303 14.11 1.01 
F 304 14.01 .84 
F 305 11.53 1.95 
F 306 13.39 1.16 
F 314 12.91 1.24 
F 315 13 . 59 1.04 
F 318 12.18 1.41 
F 319 13.91 .74 
F 320 14.00 .75 
F 321 12.22 1.41 
F 322 14.02 .86 
F 323 13.51 .83 
F 324 14.04 .83 
F 325 14.04 .89 
F 326 14.05 .88 
F 334 
F 335 
F 336 
12.96 
14.48 
13.53 
1. 22 
.76 
loll 
F 337 14.12 .89 
F 338 11.80 1.70 
F 339 14.02 .82 
F 340 13.67 .85 
F 343 14.49 . 99 
F 364 13.47 1.13 
F 365 14.07 .88 
F 366 14.45 .99 
F 367 13.79 .87 
F 368 14. 24 .89 
F 373 14.02 .85 
F37414.15 .88 
F 375 14.16 .88 
F 376 14.60 1.03 
F 377 13.73 .88 
F 378 14.57 .95 
F 379 12.91 1.17 
F 386 13.68 .97 
TABLE 3.7 
Star V 8-V 
F 387 13.64 1.11 
F 388 14.05 .92 
F 389 14.24 .93 
F 390 14.06 .86 
F 391 14.12 .81 
F 397 14.34 1.08 
F 398 14.41 .98 
F 399 14.15 .79 
F 400 11.82 1.69 
F 401 14.66 1.00 
F 402 14.21 1.06 
F 403 14.62 .83 
F 432 14.04 .83 
F 433 14.45 .76 
F 434 14.00 .79 
F 435 13.29 .64 
F 437 13.66 1.04 
F 438 12.13 1.40 
F 439 14.12 1.06 
F 440 14.60 .97 
F 448 14.09 .83 
F 449 12.18 1.39 
F 450 13.95 .86 
F 451 14.51 1.02 
F 452 13.97 1.13 
F 453 13.33 1.04 
F 454 14.00 .85 
F 455 13.82 1.01 
F 456 14.38 .85 
F 469 
F 470 
F471 
14.06 
13.81 
14.57 
.98 
.78 
.98 
F 472 13.22 1.10 
F 473 14.64 .91 
F 474 14.55 1.03 
F 475 14.27 .91 
F 476 14.00 .75 
F 490 12.08 1.44 
F 491 14.15 1.01 
F 492 14.32 1.03 
F 493 12.93 1.22 
F 494 14.02 .87 
F 495 14.15 .92 
F 496 14.18 .89 
F 506 14.30 1.03 
F 507 12.17 1.42 
F 508 13.97 .80 
F 509 14.23 
F 510 14.02 
F 522 13.70 
.91 
.89 
.90 
Star V 8-V 
F 523 14 . 22 .90 
F 526 13 . 54 1.17 
F 527 14 . 93 1.05 
F 528 14.88 . 92 
F 529 15.02 .86 
F 530 13.59 1.05 
F 531 13.30 . 95 
F 532 14.08 1.01 
F 535 13.68 . 65 
F 546 14.04 .83 
F 548 12.65 1.23 
F 549 14.13 .81 
F 550 14.37 1.03 
F 551 14.53 .95 
F 552 13.46 . 89 
F 553 12.19 1.29 
F 554 14.18 .93 
F 564 10.82 2 .45 
F 566 14.89 .87 
F 567 14.12 .95 
F 568 13.28 1.13 
F 569 13.33 1.14 
F 570 13.99 .86 
F 579 13.59 1.09 
F 580 14.11 .94 
F 581 14.21 1.05 
F 582 13.86 1.02 
F 583 13.77 .91 
F 584 13.30 1.23 
F 585 
F 590 
65" 
13.69 .79 
14.17 .82 
< r < 90" 
F 11 14.30 .88 
F 12 13.32 1.13 
F 18 14.25 . 89 
F 19 14.15 .87 
F 20 12.85 1.07 
F 21 13.64 1.08 
F 22 13.40 1.15 
F 23 14.02 .82 
F 24 14.38 . 90 
F 25 14 . 38 . 91 
F 26 14 . 08 .79 
F 34 13.94 1.02 
F 35 14.37 .95 
F 36 14.14 .85 
F 37 14.17 . 90 
F 38 14.27 
F 39 14.61 
F 40 14.09 
.96 
.94 
.90 
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Star v 
F 41 13.97 
F 92 14.24 
8-V 
.89 
.92 
F 94 13.55 1.13 
F 95 14.13 .88 
F 97 14.29 .79 
F 98 14.72 .90 
F 99 14. 01 . 83 
F 100 13.96 .83 
F 102 13.96 . 84 
F 103 14.21 .97 
F 104 14.85 .89 
F 105 14.55 .97 
F 106 12.07 1.50 
F 125 12.38 1.35 
F 126 12.36 1.31 
F 127 14.52 . 81 
F 128 14.20 . 89 
F 129 14.17 .93 
F 130 14.32 .87 
F 131 13.19 .97 
F 133 13.06 1.22 
F 135 14.13 .85 
F 153 14.30 .92 
F 154 14.19 .90 
F 155 12.02 1.46 
F 156 11.71 1.68 
F17813.47 . 81 
F 179 14.25 . 86 
F 180 14.08 .73 
F 181 12.51 1.29 
F 186 14.14 .81 
F 187 13.95 .86 
F 188 11.48 2.28 
F 189 12.61 1.25 
F 190 14.05 .82 
F 191 12.11 1.36 
F 192 13.80 1.05 
F 193 11.62 1.86 
F 194 13.43 1.13 
F 195 13.96 .87 
F 196 13.97 . 99 
F 197 13.84 1.05 
F 198 14.05 .97 
F 199 14.19 .92 
F 200 13.63 .85 
F 201 13.13 1.14 
F 202 14.30 1.07 
F 229 11.71 1.76 
F 230 14.48 1.06 
F 231 14.68 1.00 
TABLE 3.7 
Star v 8-V 
F 232 14.20 .89 
F 233 13.84 1.10 
F 260 11.94 1.61 
F 261 14.49 .99 
F 262 14.44 1.00 
F 263 13.29 1.19 
F 264 14.35 . 93 
F 265 14.57 .90 
F 266 13.44 1.11 
F 267 14.63 .95 
F 268 14.25 .93 
F 269 14.52 1.01 
F 272 14.05 1.05 
F 283 14.29 .88 
F 284 14.17 1 . 05 
F 285 14.51 .99 
F 286 13.65 .91 
F 287 13.89 1.03 
F 290 11.86 1.62 
F 291 14.30 .99 
F 292 14.06 .86 
F 294 13.98 .79 
F 295 14.13 . 86 
F 296 13.45 1.16 
F 297 14.25 1.09 
F 301 13.60 .87 
F 302 11.68 1.80 
F 344 14.65 .86 
F 345 13.99 .92 
F 346 13.23 .94 
F 347 13.93 .76 
F 348 14.08 .83 
F 349 12.34 1.25 
F 350 13.33 .99 
F 351 13.91 . 91 
F 352 13.91 . 79 
F 353 14.25 .97 
F35414.52 .93 
F 355 14.31 .96 
F 356 12.94 1.17 
F 357 14 . 06 .86 
F 358 14.54 .97 
F 359 14 . 47 . 86 
F 360 14.26 .94 
F 361 13.80 .91 
F 362 14.37 .98 
F 363 14 .17 .93 
F 369 14.17 . 92 
F 370 14.15 .89 
F 404 14.07 .99 
Star v 8-V 
F 405 14 . 44 1.02 
F 406 11.88 1.71 
F 407 14.04 . 97 
F 408 14 . 01 .89 
F 409 13 . 96 .84 
F 410 13.86 . 79 
F 411 14.01 .93 
F 412 11.68 1.79 
F 413 13.20 1.17 
F 414 13.63 1.05 
F 415 14.19 1.04 
F 416 11.38 2.77 
F 417 13.88 .78 
F 418 13.90 .80 
F 419 13.93 .87 
F 420 14.00 .87 
F 421 13.35 .95 
F 422 13.76 .85 
F 423 13.93 . 89 
F 424 14.38 1.00 
F 425 13.94 1.06 
F 427 12.87 1.17 
F 428 12.77 1.23 
F 429 11.80 1.68 
F43013 .74 . 90 
F 431 14 . 50 1.03 
F 457 14.46 1.02 
F 458 13.93 .82 
F 459 14.31 . 99 
F 460 13 . 99 . 81 
F 461 13.92 .87 
F 462 14.34 1.02 
F 463 14.02 .81 
F 464 13.03 1.20 
F 465 13.82 1.06 
F 466 14.20 .89 
F 467 14.52 .97 
F 468 13.91 1.05 
F 478 11.93 1.58 
F 479 14.28 .86 
F 480 14.56 .98 
F 481 14.18 . 89 
F 482 14.08 .85 
F 483 13 . 13 1.01 
F 484 14.11 . 92 
F 487 14.65 .88 
F 488 14.13 .87 
F 489 14.24 .94 
F 511 12.19 1.77 
F 513 13.21 .97 
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TABLE 3.7 
Star V 8-V Star V 8-V Star V 8-V 
F 514 14.11 .80 F 537 13 . 86 . 79 F 54 5 14.2 2 . 8 2 F 515 13.52 .88 F 538 14.35 .93 F 547 13 . 49 1. 07 F 517 12.80 1.10 F 539 14.61 .87 F 572 12 .44 1. 29 F 518 14.13 .89 F 540 12.47 1. 31 F 573 14.09 .88 F 521 14.95 1. 25 F 541 13.91 1.04 F 574 13.37 1. 12 F 533 14.19 .99 F 542 14.20 1.04 F 575 14.41 .86 F 534 14.21 1.11 F 543 14.31 .95 F 576 13 .92 . 83 F 536 13.38 .79 F 544 14.11 .76 F577 13 .80 .99 
F 578 11. 99 1. 57 
CHAPTER 4 
INTERPRETATION OF THE COLOR VARIATIONS IN 47 TUC 
4.1 INTRODUCTION 
The photoelectric observations of globular clusters described 
in Chapter 2 showed that 8 out of 24 clusters have apparent radial 
color variations . These variations must be associated with radial 
changes in the stellar populations of these clusters, because globular 
clusters have no detectable gas or dust. Further, because the bright 
stars contribute a large fraction of the total light in a cluster 
(see below), changes in the integrated colors are probably associated 
with radial changes in the bright part of the cluster's c-m diagram 
or luminosity function (LF) . The aim of this chapter is to identify 
these changes in 47 Tuc. Two approaches were used: 
(i) From the photometry described in Chapter 3, we c an derive the 
bright end of the LF in each annular zone . From this LF, we can 
calculate the expected run of color with radius and compare it 
with the observed run of color. First however it is necessary 
to estimate the contribution from the faint unobserved end of 
the LF: this is discussed in §4.2, §4.3: 
(ii) We can compare the radial distribution of stars in different 
parts of the c-m diagram, from the local c-m diagrams given in 
Chapter 3 and from star counts on short exposure plates. For 
example, changes in the relative numbers of HB and RGB stars 
would obviously be interesting here. 
120 
4. 2 THE LUMINOSITY FUNCTIONS 
Our plan is to ca l culate the predicted radial distribution 
of B-V from the stellar photometry described in Chapter 3. The stars 
that we re too faint to be include d in thi s photometry do contribute 
signifi cantly to the total light and color. To calculate the 
expected B-V , we must first estimate the contribution of these fainter 
stars . To do this , the mean LF for stars fainter than M ~ +1 is 
v 
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required. This LF is not now available for 47 Tuc in the inner regions, 
so we tried two alte rnative methods : 
( i) Assume the faint end of the LF of 47 Tuc is like tha t for M3. 
It turns out that this assumptions is not entirely adequate: 
(ii) Calculate the total luminosity of the brighter stars in each 
annulus , and then compare this radial luminosity distribution 
with the observed photoelectric surface brightness distribution 
for 47 Tuc: this gives an estimate of the total luminosity for 
the faint e r stars. 
Specially, the problem is the following. For 47 Tuc , in any 
annulus , there are N stars brighter than an absolute magnitude M : 
o 
this magnitude limit is set by observational constraints, such as 
crowding in the cluster ' s inner regions. These N stars have total 
luminosities Lv' LB· Associated with these N stars is an additional 
luminosity L " L ' from stars fainter than M 
V B 0 Sections 4. 2 and 4.3 
describe the estimates of Lv ', L ' by the two methods mentioned above . B 
4.2.1 The Luminosity Function For M3 
The LF for M3 was derived by Sandage (1954, 1957) and includes 
an extrapolation to faint unobs e rved magnitudes . The distance moduli 
used here 15.68 (1957) , later revised to 14 . 83 (1 970 ) by main sequen~e 
fitting . Here we us e the value (m-M) 
o 
14.83 , e xcept where s tated. 
122 
TABLE 4.1 
THE LUMINOSITY FUNCTION FOR M3 (USING (m-M) 
o 
15.68 ) 
M M 
V B 
-3.0 -1.48 
-2.8 -1.38 
-2.6 -1.24 
-2.4 -1.12 
-2.2 -1.00 
-2.0 - .87 
-1.8 - .73 
-1. 6 -.58 
-1.4 - .43 
-1.2 - .25 
-1.0 - .07 
- .8 +.12 
- .6 .29 
- .4 .47 
- .2 .64 
o .82 
.2 1. 00 
.4 1.19 
.6 1. 37 
.8 1.56 
1.0 1.74 
1.2 1.93 
1.4 2.12 
1.6 2.32 
1. 8 2.50 
2.0 2.69 
2.2 2.87 
2.4 3.05 
2.6 3.21 
2.8 3.35 
3.0 3.50 
3.2 3.65 
3.4 3.80 
3.6 4.00 
3.8 4.20 
4.0 4.40 
4.2 4.63 
4.4 4.86 
4.6 5.10 
4.8 5.34 
5.0 5.58 
5.2 5.82 
5.4 6.06 
5.6 6 .30 
5.8 6.56 
6.0 6.78 
6.2 7.10 
6.4 7.32 
6.6 7.58 
6.8 7.80 
N (L) (L) 
o V 0 B 
1 1306 570 
5 5432 2600 
10 9036 4920 
17 12778 7489 
20 12503 7745 
25 13000 8510 
31 13408 9276 
37 13310 9554 
42 12567 9359 
48 11946 9146 
54 11179 8717 
61 10503 8343 
71 10168 8227 
76 9053 7461 
120 11890 * 
420 34612 * 
145 9938 * 
III 6328 * 
125 5928 5163 
135 5324 4681 
152 4986 4464 
170 4638 4192 
200 4538 4140 
235 4434 4044 
287 4506 4184 
367 4793 4492 
450 4887 4667 
560 5057 4922 
690 5182 5230 
840 5250 5594 
1040 5398 6032 
1250 5400 6313 
1490 5349 6556 
1750 5233 6405 
1975 4898 6004 
2175 4502 5503 
2375 4085 4869 
2565 3668 4232 
2735 3255 3638 
2890 2861 3063 
3040 2493 2584 
3170 2156 2156 
3300 1881 1782 
3415 1605 1503 
3525 1375 1199 
3625 1160 1015 
3715 1014 783 
3846 873 662 
3981 752 540 
4169 655 461 
MV M N (L) (L) 
B 0 V 0 B 
7.0 8.10 4217 551 354 
7.2 8.30 4315 469 301 
7.4 8.56 4416 399 243 
7.6 8.80 4467 336 197 
7.8 9 . 00 4571 286 168 
8.0 9.30 4645 242 129 
8.2 9.52 4677 202 106 
8.4 9.76 4842 174 88 
8.6 10.00 4955 148 72 
8.8 10 . 20 5070 126 62 
9.0 10.42 5236 108 52 
9 . 2 10.61 5495 95 46 
9 .4 10.85 5754 82 38 
9.6 11.10 6026 72 32 
9.8 11.29 6310 63 28 
10 .0 11.50 6808 56 25 
10.2 11.70 7079 49 22 
10.4 11.90 7586 43 19 
10.6 12.10 7943 38 17 
10.8 12.30 8414 33 15 
11.0 12.50 8670 28 13 
11 . 2 12.71 9120 25 11 
11.4 12.92 9886 23 10 
11.6 13.15 10715 20 9 
11.8 13.37 11482 18 8 
12.0 13.60 12417 16 7 
12.2 13.75 13183 14 6 
12.4 13.98 13964 13 5 
12.6 14.18 14791 11 5 
12.8 14.40 15668 10 4 
13.0 14.60 16069 8 3 
13.2 14.80 16596 7 3 
13.4 15.03 16218 6 2 
13.6 15.23 16032 5 2 
13.8 15.47 15885 4 2 
14.0 15.69 15417 3 1 
14.2 15.90 14962 3 1 
14.4 16.10 14125 2 1 
14.6 16.30 13804 2 1 
14.8 16.53 13490 1 1 
15.0 16.72 12972 1 .4 
15.2 16.95 12589 1 .3 
15.4 17.15 12023 .7 . 2 
15.6 17.35 11220 .5 .2 
15.8 17.55 10471 .4 .2 
16.0 17 . 70 9705 . 3 .1 
16.2 17.90 8710 .2 .1 
16.4 18.10 7762 . 2 0 
16.6 18.35 6918 .1 0 
16.8 18.60 6237 .1 0 
Continued 
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TABLE 4.1 
M M N (L ) (L ) V B o V o B 
17.0 18.80 5623 0 0 
17.2 18.98 4977 0 0 
17.4 19.18 4266 0 0 
17.6 19.40 3548 0 0 
17 .8 19.58 2818 0 0 
18.0 19.76 2371 0 0 
18.2 19.98 1679 0 0 
18.4 20.16 1216 0 0 
18.6 20.38 891 0 0 
18.8 20 .57 631 0 0 
19.0 20.80 467 0 0 
19.2 21.00 302 0 0 
19.4 21. 20 188 0 0 
19.6 21. 40 no 0 0 
19.8 21.60 56 0 0 
20.0 21. 80 24 0 0 
* FOR GB STARS 
* FOR HB STARS 
M (MB)G NG NHB (L0 )BG M (MB)HB NH B (L0 )BHB V V 
-.2 .64 85 35 687, 
-.18 +.37 101 10479 
0 .82 93 327 6374 
-.09 .36 90 9424 
.2 1. 00 102 43 5923 
-. 07 . 08 67 9079 
.4 1.19 101 10 4924 +.07 .1 2 97 12669 
+.41 .36 60 6283 
Table 4.1 gives the LF for M3, taken from Sandage (1957). 
The absolute magnitudes are for (m-M) 
o 15.68, as adopted at that 
time. The columns show: ( i) - ( ii ) rv' MS' To derive M , the mean 
S 
c -m diagram by Sandage (1970) was used; (iii) the numbe r of stars 
in the interval rv ± 0 . 1; (iv) - (v) the total V and S luminosities 
for stars in the interval rv ± 0.1, in solar units. (For the sun, 
the values MV = 4.79, Ms 5.41 were adopted: Allen 1964). 
Now it is necessary to choose the magnitude M , defined above 
o 
as the faint absolute magnitude limit of the observed LF for 47 Tuc. 
We choose M 
V,o +1.15, which corresponds t.o m = 14.5, for these 
v 
reasons: (i) in the inner regions of 47 Tuc, it is difficult to 
measure stars fainter than m ~ 14.5, (ii) we are estimating the 
v 
integrated luminosity of the fainter stars in 47 Tuc by assuming that 
their LF is like that of M3. It is obviously better if we do not 
include the HS stars in this assumption, because the horizontal 
branches of the two clusters are not similar. The value rv = +1.15 
is fainter than all the HS stars in 47 Tuc and almost all the HS stars 
in M3. 
This value rv = 1.15 corresponds to mv = 15.98 at the distance 
of M3 for (m-M)o = 14.83. In Table 4.1 it corresponds to rv +0.3. 
For the M3 LF, there are 1183 stars brighter than m 
v 
15.98: these 
stars contribute 61.2 percent of the total V luminosity and 56.9 
percent of the total S luminosity. Corresponding to these 1183 stars, 
the stars fainter than mv = 15.98 have a total (LV' Ls) = (58624, 58537) 
L for (m-M) = 14.83. 
o 0 
4 . 2.2 The Luminosity Function For 47 Tuc 
Star counts were made from the local c-m diagrams to derive the 
bright end of the LF in annular zones . Table 4.2 gives the numbers. 
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TABLE 4.2 
STAR COUNTS FROM LOCAL C-M DIAGRAMS IN 47 TUC 
~ 65"-90" 90"-2 ' 2' - 3' 3 '-4' 4'-5' 5'-6' 6'-7' 7'-8' 8 '- 9 ' 
- 2 .2 1 
-2.0 2 1 
-1.8 3 2 3 1 1 1 2 
-1.6 5 2 3 3 1 2 3 2 
-1.4 5 3 6 3 2 2 1 6 1 
-1.2 2 9 1 4 2 2 3 2 0 
-1.0 5 1 8 5 2 2 3 2 1 
- .8 2 3 3 5 3 7 2 0 3 
- .6 4 0 14 4 0 3 2 0 0 
- .4 3 7 11 3 6 2 4 2 1 
- .2 7 9 18 11 8 10 9 4 2 0 11 11 13 5 6 3 4 8 2 
.2 7 19 16 7 7 5 3 5 2 
.4 13 16 25 13 26 17 8 8 9 
.6 41 72 118 64 72 44 44 26 26 
.8 45 42 73 71 17 24 20 24 32 1.0 20 21 35 16 18 10 5 9 6 1.2 15 21 40 27 25 17 12 15 8 1.4 3 10 27 15 9 17 14 8 7 1.6 
1.8 
2.0 
2.2 
2.4 
9'-10' 10'-11' 11'-12' 
4 1 
0 1 
3 1 1 
0 1 2 
4 0 2 
3 0 2 
3 2 1 
3 4 1 
2 3 4 
2 4 2 
3 2 6 
20 31 16 
13 12 12 
9 5 5 
8 11 8 
4 3 6 
8 7 6 
10 9 11 
9 6 2 
13 9 10 
12 8 13 
12'-13' 13'-14' 
1 
0 1 
1 0 
4 0 
0 1 
0 0 
2 1 
2 4 
0 1 
1 2 
4 3 
5 5 
8 8 
4 4 
8 7 
7 5 
3 3 
6 3 
6 1 
9 9 
10 8 
I-' 
I\J 
l/1 
The local luminosity functions from the c-m diagrams in each 
region. 
The luminosity function for the inner region (65"-2') compared 
with the mean luminosity function for the outer region (2'-14'). 
The luminosity function for the innermost region is somewhat 
different from that of the outer region in the two magnitude 
intervals (i) -0.1 < ~ < +0.3, (ii) ~ < -1.1 
• 0 5--1' 
0 1' - ) ' 
24 ) ' -5' 
5' -9' 
0 9'-1. ' 
2.0 
ZI.6 
(D 
0 
..J 
12 
• 
D 
• 
8 r 0 
• 
\I 0 
D 
. ~ 
• 
0 
.0 
-2,.0 
-1.2 
2,6 
2,0 
Z 
(Dl.6 
0 
..J 
1.2 
0' 
,8 
,4 
-:u · 1,6 
F r CURJ~S 4 . 1a , b 
0 
• 
0 
• 
D 
• 
• 
0 
Mv 
· ;65--2' 
0; 2'-14' 
' ,8 
Mv 
e 
• D 
0 
• : 
-, ~ 
12G 
¥ 
Ii 
• 
• 
• • 
• 
9 
e 
1.2 
o ,8 1.6 
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TABLE 4.3 
LUMI NOS ITY FUN CTION FOR EACH AREA OF 47 TUC 
65"- 2 ' 2 '-3' 3'-5' 5' - 9 ' 9 '-14' 
M 
V l og N l og N log N log N log N 
-2.0 
.34 +. 22 
-.49 
-1. 8 
.74 +.15 
.57 +.20 
.35 +. 22 
.48 +.20 -.24 
-.32 
-.48 
-.37 
-1. 6 
.89 +.13 
.57 +.20 
.65 +.17 
.85 +.14 1. 01 +.1 2 -.19 -.32 
-.28 
-.20 
-.16 
-1. 4 
.94 +.13 
.87 +.14 
.75 +.15 +.12 +.19 1. 00 
.53 -.18 -.20 
-.24 
-.17 
-.34 
-1. 2 1. 08 +.ll 
.09 +.46 
.83 + .14 
.78 +.15 1. 01 +.12 -.15 -1. 01 
-.21 
-.23 
-.16 
-1. 0 
.82 +.14 1. 00 +.12 
.89 +.13 
. 90 +.13 1. 08 +.ll -.21 -.17 
-.19 
-.19 
-.15 
.8 
.74 +.15 
.57 +.18 
.95 +.13 1. 08 +.11 1.08 +.11 
-
-.24 
-.32 
-.18 
-.1 5 
-.15 
.6 
.64 +.17 1. 24 + .09 
.65 +.1 7 
. 70 +.16 
.93 +.13 
-
-.28 
-.12 
-.28 
-.26 
-.18 
1. 04 +.11 1.14 +.10 1.00 +.12 
. 95 +.13 1.19 +.10 
- .4 
-.16 
-.14 
-.17 
-.18 
-.13 
+.09 +.08 +.09 
1. 4 0 +.08 1. 38 +.08 
- .2 1. 25 1. 35 1. 33 
-.ll 
-.10 
-.10 
-.12 
-.10 
+.08 +.10 
1.09 +.11 1. 23 +.09 1. 23 +.09 
0 1. 38 
-.10 1. 21 
-.12 
-.15 
-.1 2 
-.12 
+.07 +.09 
1.19 +.10 1.18 +.10 1.27 +.09 
.2 1. 46 
-.09 1. 30 
-.11 
-.13 
-.13 
-.11 
+.07 +.07 +.06 
1. 62 +.06 1. 49 +.07 
.4 1. 50 1.49 1. 64 
-.07 
-.07 
-.09 
-.09 
-.09 
+.04 +.03 
2.18 +.03 2.15 ±.04 2 .1 2 ±. 04 
.6 2.09 2.17 
-.04 
-.04 
-.04 
+.04 +.04 +.04 
2 . 00 +.04 1. 96 +.04 
.8 1. 98 1. 96 1. 99 
-.05 
-.05 
-.05 
-.05 
-.05 
+.06 +.06 +.07 +.07 
1. 66 +.06 
1.0 1. 65 1. 64 1. 58 1. 48 
-.09 
-.07 
-.07 
-.07 
-.08 
No. 
S t a r s 392 347 386 43 1 252 
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The columns are: (i) My, assuming (m-M)o = 13.4 (this value comes from 
the main sequence fitting of Tifft's (1 963b ) c -m diagram by Sandage 1964; 
Illingworth 1973; Eggen 1972, where Illingworth gives the uncertainty 
as ± 0.31); (ii) - (xv) the number of stars in the interval My ± 0.1 
in each annUlus . 
Table 4.3 and Figure 4.1~, compare the bright end of the LF for 
the annular zones 65"-2', 2'-3', 3'-5', 5 '-9' and 9'-14'. For comparison, 
these LFs have been normalized to the total 431 stars in each annulus 
with My < 1.1. Table 4.3 also gives the statistical errors in each LF. 
The actual number of stars in each annulus until My < 1.1 is also shown 
in the bottom of each column. 
The general run of the LF in each zone is roughly similar. The 
LF for the inner zone, 65"-2'. appears high at a possibly significant 
l e v e l in two magnitude intervals (i) -0.1 < My < +0.3: in the c-m 
diagram, this interval corresponds to the gap between the bottom of 
the AGB and the supra-HB stars, (ii) My < -1.1. This is seen more 
clearly in Figure 4.~ which compares the normalized LF for the 65"-2' 
region and the remaining 2'-14 ' region. The apparent excess of 
brightest stars in the inner region can also be seen well in Figure 4.2 
which shows the number ratio N(My < -l.l) /N (My < +1.3) as a function 
of radius, calculated from Table 4.2. We will return to these 
differences later in this chapter. 
Figure 4.3 compares the LF for M3 with the LF for the outer 
zone (9'-14') of 47 Tuc. The horizontal bran c hes appear at different 
absolute magnitudes for the adopted distance moduli (m-M)o = 13.4 for 
47 Tuc, 14.83 for M3. The slopes of the LF ' s appear similar over the 
interval -1.5 ~ My ~ +2 . The numbers are given in Table 4.4. The 
columns are: (i) My, using the distance moduli (m-M)o 13.4, 14.83 
for 47 Tuc and M3; (ii) - (iii) log N, the number of stars in the 
FIGURE 4.2 
The number ratio of bright stars (My < -1.1) to stars 
brighter than My = 1.3 as a function of radius. The proportion 
of bright stars increases towards cluster centre. 
FIGURE 4.3 
Comparison of the luminosity function of M3 with that of 
the outer zone (9'-14') of 47 Tuc using the adopted distance 
moduli (m-M) = 13.40 for 47 Tuc and 14.83 for M3. 
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interval MV ± 0 .1 for the two clusters , normalized to the same total 
number of stars in the whole interval -2.2 ~ M ~ +2 4. V ., (iv) the 
statistical error in log N for 47 Tuc. 
TABLE 4.4 
LUMINOS ITY FUNCTI ONS OF M3 AND 47 TUC 
M3 47 Tuc M3 47 Tuc Mv M log N log N V log N log N 
- 2 .2 0.00 
.2 1. 85 1. 70 +.06 
- 2 .0 0.70 -.07 
-1. 8 1.00 
+. 0 8 .4 1. 88 1. 9 1 LOS 
-1.6 1. 23 1. 43 
-.09 
.6 2.08 2 .54 ± .02 
-1. 4 1. 30 .96 +.12 
-.17 .8 2.62 2 .38 ± .03 
-1. 2 1. 40 1. 43 +.08 1.0 2.16 2.09 L 04 
-.09 
-1. 0 1. 49 1. 50 +.07 
1.2 2.05 2 . 28 ± . 03 
-.09 1.4 2 .1 0 2 . 0 5 ± .04 
.8 1. 57 1. 50 +.07 - 1.6 2 .13 2 . 09 ± . 0 4 
-.09 
- .6 1.62 1. 36 +.08 
-.10 
1.8 2.18 2.25 ± .03 
+.06 2.0 2.23 2 . 04 ±.0 4 
- .4 1. 68 1. 61 
-.07 2.2 2.30 2 . 36 ± .03 
.2 1. 73 1. 80 +.05 - 2.4 2.37 2.36 ± .03 
-.06 
0 1. 79 1. 66 +.06 
-.07 
4.3 THE PREDICTED COLORS 
4.3.1 The Colors Calculate d With The M3 Luminosi ty Function 
We now calculate the radial change in B-V for 4 7 Tuc by summing 
the B and V luminosities in each annulus for stars brighter than 
Mv = 1.15 and then using the results of §4.2.1 to es timate the 
contribution from the fainter stars. For example , from Table 4.2, 
there are 111 stars in the 6'-7' annulus with Mv < 1.1, and they 
have a total luminosity ~ = 9004 L , L = 5513 L . 
o B (.) We assume that 
47 Tuc and M3 have a similar LF for Mv > 1.1, and from §4.2.1 take 
TABLE 4.5 
THE TOTAL LUMINOSITY AND CALCULATED COLOR IN EACH REGION 
Region log p.g cal. T N 
V ~ 14.5 r (L
0
)v (L
0
) B (L 1 (L
0
)B (L('») V (L ) e o V o B 
65"-90" 176 .12 15624 8822 8722 8709 24346 17531 
14516 14550 30140 23372 90"-2' 218 .25 16842 10307 10803 10787 27645 21094 
17981 18022 34823 28329 2'-3' 349 .41 24880 16223 17295 17269 42175 33492 
28786 28852 53666 45075 3'-4' 216 .55 15262 9912 10704 10688 25966 20600 
17816 17856 33078 27768 4'-5' 172 .66 11363 7570 8524 8511 19887 16081 
14187 14219 25550 21789 5'-6' 135 .74 10821 6667 6690 6680 17511 13347 
11135 11160 21956 17827 6'-7' 111 .81 9004 5513 5501 5492 14505 11005 
9155 9176 1815 9 14689 7'-8' 96 .88 7247 4490 4757 4750 12004 9240 
7918 7936 15165 12426 8 '- 9' 89 .93 6328 4036 441 0 4404 10738 8440 
7341 7358 13669 11394 9'-10' 69 .98 6128 3574 3419 3414 9547 6988 
5691 5704 11819 9278 
cal. 
B-V 
.98 
.90 
.91 
.84 
.87 
.81 
.87 
.81 
.85 
.79 
.92 
.85 
.9 2 
.85 
.90 
.84 
.88 
.82 
.96 
.88 
£ 
+.01, -.02 
+.01, -. 02 
± .01 
+.01 
± .01 
± .01 
± .01 
± .01 
+.01, -.02 
± .01 
+.01, -.02 
± . 01 
+.03, -.01 
+.02, -.01 
+.02, -.01 
+.01, -.02 
± . 02 
± .01, -.02 
± .02 
±.02, -.01 
...... 
W 
IV 
the result that 1183 stars with MY < 1.1 have an associated integrated 
luminosity (LV ' LB) = (58624, 58537)L0 from the stars with MY > 1.1. 
So the total predicted luminosity for the 6 '-7' annulus is then 
(9004, 5513) + III (58624 58537) 
1183 ' 
(14505, 1l005)L 
o 
and predicted color is then B-V = 0 . 92. 
Using the same method, we calculated the total luminosity and 
color in each zone from 65 " to 10'. This is shown in Table 4.5. 
The columns give : (i) the inner and outer radius of each region 
expressed as arc sec (") or arc min ('); (ii) N, the number of stars 
with m ~ 14.5; 
v (iii) log r , where r is the effective radius in e e 
arc min; (iv) - (v) the total luminosities derived from the photo-
graphic mag nitudes for stars with m ~ 14.5, expressed in solar units; 
v 
(vi) - (vii) the calculated luminosity for the stars with m > 14.5, 
v 
where the upper numbers come from §4.2.1 and the lower ones from §4.3.2 
(see below); (viii) - (ix) the total luminosity LT L + L . p.g cal' 
(x) the calculated color, from the total luminosity; (xi) the random 
error in the calculated colors, from §4.3.3. 
Figure 4.4 shows the comparison of the calculated colors from 
Table 4.5 with the observed colors from Table 2 .2. We see that the 
amplitude and location of the color change observed in the inner parts 
of the cluster are well reproduced, but that the calculated colors are 
about 0.05 mag redder than the observed colors near the centre. It 
seemed possible that this systematic difference could result from 
incorrect distance moduli for the clusters , so the calculation was 
r e done with the Hartwick and Hesser's (1974) distance modulus for 
47 Tuc ((m-M) = 13.03, E(B-V ) = 0.04). However the calculated colors o 
were the same , within 0 .01 mag. We conclude from the good agreement 
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FIGURE 4.4 
A comparison of the observed (from spot measurements) 
color and the calculated color, as a function of radius. There 
is good agreement when we use the surface brightness distribution 
of 47 Tuc to calculate the color (see §4.3.2). However the 
calculated color is systematically redder by 0.05 mag than that 
observed, when we use the luminosity function of M3 to obtain 
the faint stars contribution for 47 Tuc (see §4.3.l). 
o 
• t t 
- I 
0.9~ 0 
- I 
0 
8-V I ! 
t 0.8~ f 
.; Photoelectric 
0; from M3 ) 
.; from 47Tuc Calculated 
I 
0.7 
o 1 2 3 
FT CURE 4 . 4 
0 
0 
0 
1 
f 
t 
f 
4 5 
R (min> 
0 
~ I 
6 7 
0 
t 
8 
.... 
w 
.t>. 
in shape and amplitude between the observed and calculated colors 
that the color variations are associated directly with radial changes 
in the bright end of the LF , as we would expect. The systematic 
difference of 0.05 mag between the observed and calculated colors 
probably means that the LFs of 47 Tuc and M3 are not similar enough 
(for My ? +2: see Figure 4.3) to make our calculation procedure 
entirely valid. There is weak evidence (from counting stars in the 
Hartwick and Hesser ' s (1974) c-m diagram) that the two LFs are 
different in the correct sense. However a proper check cannot be 
done until a LF to fainter magnitudes becomes available for 47 Tuc . 
4 . 3 . 2 The Colors Calculated Via The Surface Brightness Distribution 
The alternative method for estimating the contribution of the 
faint stars (V > 14.5) is empirical. Table 4.6 compares the surface 
brightness of the bright stars with the observed photoelectric surface 
brightness, from Illingworth (1973). The columns show; (i) annulus 
radii; (ii) log of effective radius (arc min) ; (iii) the total 
surface brightness produced by stars with V S 14.5, in L 
<:) 
-2 
arc min 
-2 (iv) log of same quantity , in units of 10 . 0 V mag arc sec (v) log 
of the photoelectric V surface brightness , in units of 10.0 V mag 
-2 
arc sec , from Illingworth (1973); (vi) the difference between 
column (v) and column (vi); (vii) see §4.3 . 4. 
There are 1631 stars with V ~ 14.5 between 65" and 10 ' . From 
Table 4.5 their luminosity is (Lv ' L ) = (123499, 77114)L 
B <:) The mean 
value of the difference in column (vi) from Table 4.6 is 0.32, so the 
total V luminosity associated with these 1631 stars is 258026L , i.e. 
<:) 
for each star with V ~ 14 . 5, the faint stars contribute 82.48L<:) in V, 
in the mean . 
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TABLE 4.6 
THE SURFACE BRIGHTNESS IN EACH ZONE 
v ~ 14.5 
Region log L/O ' log L log Lv /), log Lv r V (p.e) e 
65 "-90" 0.12 4622 
-3.17 
-2.83 
.34 
-2.88 90 "- 2 ' 0.25 3063 
-3.35 
-3.05 .30 
-3.03 2'-3' 0.41 1584 
-3.63 
-3.3 2 .31 
-3.30 3'-4' 0.55 694.0 
-3.99 
-3.67 
.32 
-3.66 4'-5' 0.66 401. 9 
-4.23 
-3.85 .38 
-3.88 5'-6' 0.74 313.1 
-4.34 
-4.02 .32 
-4.03 6'-7' 0.81 220 .5 
-4.49 
-4.17 .32 
-4.18 7'-8' 0.88 153.8 
-4.65 
-4.33 
.32 
-4.32 8'-9' 0.93 118.5 
-4.76 
-4.44 
.32 
-4.42 9'-10' 0.98 102.7 
-4.82 
-4.55 .27 
-4.54 
mean weight 0.32 
We will use this result to calculate the expected run of B-V 
with radius. Because the color for the integrated light of the 
fainter stars (V > 14.5) is unknown, we estimate its color empirically 
by demanding that the calculated and observed colors match at one 
radius. The annulus chosen is the 3'-4' annulus: here the photo-
electric sampling errors are small and crowding problems (for the 
star counts) are relatively unimportant. This annulus has 216 stars 
with V ~ 14.5, and the total associated L = 33078L (15262L from 
V 0 0 
the bright stars, 17816L from the faint stars). The observed 
o 
B-V 0.81 (Figure 4.4) so the total associated L = 27768L . Of this, 
B 0 
9912L comes from stars with V ~ 14.5, so 17856L comes from stars 
o 0 
with V > 14.5. Th e required result is that each star with V < 14.5 
ha s an associated (LV' LB) = (82.48, 82.67)L0 from the stars with 
V .,. 14.5. (The color of this associated light is the same as that 
estimated from the M3 LF (0.62 here , 0.62 for M3) but the amount is 
muc h larger (82.48 L/bright star he r e , 49.56 Lvfbright star for M3.)) 
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Assuming that these values for the associated L , L are 
V B 
independent of radius, the expected colors were recalculated and are 
given in Table 4.5 and Figure 4.4. The empirical method removes the 
systematic difference between the observed and calculated colors. 
The shape and amplitude of the calculated color profile again agrees 
reasonably well with the observed colors, within the errors. 
4.3.3 Errors In The Calculated Colors 
The predicted colors, calculated from the luminosity function 
for the stars with V ~ 14.5, will have systematic and random errors. 
Some systematic errors are illustrated by comparing the calculation 
in §4.3.1 and 4.3.2. Ive now estimate the random errors. These come 
from fluctuations in the number of bright stars in each annulus. 
These bright stars are either giants or HB, and we can estimate the 
effects of fluctuations in each case. 
For giants, the average maqnitudes are ~ = 13.1, m
B 
= 14.3 
for stars with mv ~ 14.5. Column (iii) of Table 4.7 shows the 
error range for the calculated B-V values, assuming that all stars in 
the~ fluctuation, of the number N of bright stars, are giants. 
As in Table 4.5 the upper column is the error for the color B-V from 
the LF for M3 as in §4.3.1, while the lower part is for the color B-V 
of §4.3.2. For HB stars , the average magnitudes are ~ 14.1, 
mB = 14.95. Column (iv) of Table 4.7 shows the spread in the 
calculated B-V values, assuming that all stars in the~ fluctuation 
are HB stars. 
The error given in column (xi) of Table 4 . 5 is the larger ~f 
these two error estimates . 
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TABLE 4.7 
ERRORS IN THE CALCULATED COLORS 
Region N {B-V)GB (B-V) HB V ::- 14. 5 
65"-90" 176 ± 13 .00 
-.01 
-.02 .01 
.00 
-.01 
-.02 .01 90"-2' 218 ± 15 .01 .00 
-.01 .01 
.01 .00 
.00 .01 2'-3' 349 ± 19 
.01 .01 
-.01 .01 
.01 
-.01 
-.01 .01 3'-4' 216 ± 15 
.01 
-.01 
-.01 .01 
.01 
-.01 
-.01 .01 4'-5' 172 ± 13 .01 
-.02 
-.01 .01 
.01 
-.01 
.00 .01 5'-6' 135 ± 12 .00 
-.02 
-.02 .01 
.00 
-.01 
-.01 .01 6'-7' 111 ± 11 .01 
-.01 
-.01 .03 
.01 
-.01 
-.01 .02 7'-8' 96 ± 10 
.01 
-.01 
-.01 .02 
.01 
-.02 
-.02 .01 8'-9' 89 ± 9 
.01 
-.02 
-.01 .02 
.01 
-.02 
-.01 .01 9'-10' 69 ± 8 .00 
-.01 
-.02 .02 
.01 .00 
-.01 .02 
4.3.4 Comparison Of Predicted And Observed Surface 
Brightness Distributions 
By comparing the predicted and observed surface brightness 
distributions, we can estimate how many bright stars were missed in 
the relatively crowded inner regions of 47 Tuc, and then estimate 
the effect of these missed stars on the calculated colors. 
Column (vii) of Table 4.6 gives the total calculated surface 
brightness for each annulus, calculated as in §4.3.2. Comparing 
columns (v) and (vii) shows that the surface brightness in the 
innermost annulus is underestimated by about 0.05 in the log: from 
Table 4.5 this corresponds to 3856L 
(;) This is most likely the result 
of incompleteness in the star counts in the inner annulus. 
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Region r N 
V ~ 14.25 N(HB) e 
65" - 2 ' 1. 61 340 14 2 
2 '-4' 3 .16 502 276 
4'-6' 4.5 3 271 156 
6'-10' 8 . 25 329 182 
TABLE 4.8 
THE NUMBER RATIOS OF DIFFERENT GROUPS OF STARS 
N(AGB) NB -V~1.4 N(RGB) N(RGB)/N(HB) 
31 26 11 9 +.16 (. 69 ) , .84 _ .14 
38 24 153 
.56 ±. 08 
20 13 78 +.10 
. 50 -. 09 
30 30 89 +.09 
.49 -.08 
N(AGB)/N(HB ) 
(.18) , . 22 ± .06 
.14 ± . 03 
.13 +.04 
-.03 
.17 ± . 04 
N(B-V~ I.4)/N(HB ) 
+0.055 ( .15 ) ,.183 - 0 . 047 
087 +0.02 5 
. -0. 022 
083 +0 . 035 
. -0.029 
+0.04 2 
.165 - 0 .037 
~ 
W 
\!: 
For each giant missed (mean m = 13.1, B-V = 1.2 or 110L in V, 
v 0 
63L in B), the calculated total luminosity is underestimated by o 
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(110, 63) + (82.48 , 82.67) = (192.48, 145.67) in V, B; the underestimate 
of 3856 L could result from missing 20 mean giants. The effect on the o 
calculated color is negligible. For each HB star missed (mean luminosity 
43L in V, 35L in B), the calculated total luminosity is underestimated o 0 
by (125.48, 117.67). Then the underestimate of 3856L could result from 
o 
missing 31 mean HB stars: missing these stars could cause us to 
overestimate the calculated color by about 0.03 mag in the innermost 
annulus (the calculated color is B-V = 0.87). This does not affect the 
discussion significantly. 
4.3.5 Radial Changes In The Ratios Of Different Groups Of stars 
We are now in the position to enquire if different groups of stars 
have a different radial distribution. The number of stars in different 
parts of the c-m diagram (e.g. RGB, HB and AGB) were counted from the 
local c-m diagrams for stars with m S 14.25. This limit was chosen 
v 
since it will include all HB stars and will allow comparison of a 
complete sample . Table 4.8 is the number of stars 1n each group as a 
function of radius . Successive columns give: (i) the radial region; 
(ii) the effe ctive radius in arc min; (iii) total number of stars 
with m ~ 14.25; 
v 
m 
v 
14.10 ± 0 . 2; 
(iv) the number of HB stars, taken as stars with 
(v) the number of AGB stars (from the figure of the 
mean c-m diagram we count them until B-V 1. 4) ; (vi) the number of 
giants with B-V > 1.4; (vii) total number of RG stars with m S 14.25, 
v 
B-V < 1.4; (viii) the ratio of RG to HB, with its mean error; (ix) the 
ratio of AGB to HB stars, with its mean error; (x) the ratio of stars 
with B-V > 1.4 to HB stars, with its mean error. The values in brackets 
show the effect of adding 31 HB stars to the inner annulus (which we 
may have missed in this region : see §4.3.4). 
FIGURE 4.5 
The number ratio of giants redder than B-V = 1.4, red 
giants, and asymptotic g'ant branch stars to horizontal branch 
stars as a function of radius. Note that the proportion of 
red giants and asymptotic giant branch stars increases towards 
the centre. 
@ 
:c 
...., 
z .2 
...... 
~ 
A 
> . 1 
I 
en 
-z 
o 
1.0 
@ 
:c .8 
~ 
z 
...... 
. 3 
...... . 2 
14 l 
FIGURE 4 . 5 
I j 
t 
................... --. - .. . ....... --.- .... _0 ..... _ ....... _0 _0 .. . _ ... _ .. _ ... _0 .. .. ....... . 
j I j 
.. . ........ . .. ............ . ......... . .. ..................... .. - . - ............ _- ... .. . ... .. ..... . . . 
t 
t j j 
2 3 4 5 6 7 8 
Re (min) 
142 
The ratio of each group of stars is displayed graphically in 
Figure 4.5. The ratios of N(RG)/N(HB), N(AGB) /N (HB) and N(B-V > 1.4)/ 
N(HB) show clear radial changes. Unfortunately the interpretation of 
these changes is complicated by incompleteness in the photographic 
photometry in the inner annuli. This incompleteness results from the 
crowding: i.e. when two stars appear very close together on the 
photographic plate , they are not measured because the iris measures 
would be inaccurate. Overa ll, however, the diagram shows that the 
number of bright stars seems to increase rapidly in the innermost region. 
It is also possible to estimate the relative numbers of stars 
in the different parts of the c-m diagram by counting stars on short 
exposure photographic plates. This procedure reduces the crowding 
problems significantly, because it is only necessary to distinguish 
adjacent stars, not to measure their magnitudes. We describe these 
star counts in the next section. 
4.4 STAR COUNTS AND THE SURFACE BRIGHTNESS 
We know now that the radial color changes are associated with 
radial c hanges in the luminosity function. We can illustrate these 
luminosity function changes in a very clear way by comparing the 
radial distributions of stars in different parts of c-m diagram 
(e.g. RG, HB) with the radial light distribution. 
4.4.1 The Radial Light Distribution 
First we need the radial surface intensity distribution. This 
comes from Illingworth (1973), whose results are based on photoelectric 
observations (concentric apertures and drift scanning) and star counts. 
Figure 4.6 shows the surface brightness distribution of Illingworth (1973). 
FIGURE 4.6 
The s urface brightness distribution for 47 Tuc by 
I llingworth (1973), which shows that the observational data 
are somewhat different from the adopted King (1966a) model 
in the region 0.4 < log r < 1.0 arc min. 
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From this diagram we can see that in the reg ion (0.4 < log r < 1.0 
arc min) the data deviate significantly from the King's model (1966) 
whi c h appears as the smooth curve. For comparison we have adopted the 
photoelectric profile which accurately represents the data. 
4.4.2 Isolating Regions In The c-m Diagram 
We want to determine the radial distribution of stars in 
particular regions of the c-m diagram, as far in towards the cluster 
centre as possible . Accurate photometry, which is difficult to do 
in the central regions, is not needed here. We can isolate regions 
of the c-m diagram with suitable combinations of short exposure plates; 
standard star-counting techniques will then give us the radial 
distribution we need. 
The photoelectric measures by Cannon (1974) were plotted in the 
[U, (B-V)]-plane which we show in Figure 4.7. The V magnitudes of 
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some giant stars are also shown. From Figure 4.7 we see that the HB 
stars lie in the region ~ < 15.5, B-V < 0.96. They are also fainter 
than V = 13.6. Consequently we determined the number of HE stars as 
follows: number of HB stars = number of stars brighter than mu = 15.5 _ 
number of stars brighter than mV = 13.6. The various parts of the RG 
branch can be isolated easily by comparing counts on two V plates that 
have diffe r ent limiting magnitudes. 
4.4. 3 The Plates 
Three V and one U plates were used to count the number of stars. 
All plates were taken at the Cassegrain focus at f /8 (25. 2 "/mm) using 
the 40-inch telescope at Siding Spring Observatory. Table 4.9 shows 
the plate number , filter, exposure time and plate limiting magnitude 
for each plate. 
FIGURE 4.7 
The (U
r 
B-V) diagram from the photoelectric data of 
Cannon (1974). Several stars are labelled with their V 
magnitude. The number of HB stars can be easily determined 
from star counts using the relation: number of HB stars = 
number of stars brighter than m = 15.5 - number of stars U 
brighter than mv = 13 . 6. 
I
·)
',
 
.
 
I 
•
 
I 
.
 
I 
I 
0
-
,
 
'0
 
r-
~
 
~
 
-
•
 
-
Q) 
a
. 
•
 
•
 
r-
,Cf) 
-
~ 
c: 
•
 
-
0 
c:Q 
c: 
~
 
c: 
'i 
CO 
r-
U 
-
N
 
0
-
-
~ 
'"
 
"
"f 
M
 
<'"1 
~
 
~ 
.
.
 
~
 
N
 
~
 
~
 
•
 
0-, ~
 
•
 
M
 
~
, 
•
 
~
~
 
.
.
 
~
 
4S 
•
 
0 
r-
~. 
-
-
r--
'<;l' 
•
 
•
 
•
 
•
 
>
 
•
 
~ 
•
•
•
 
•
•
 
I 
:J 
1: 
co 
~
 
H
 
•
 
~
 
r-
-
co 
'0
 
•
 
M
 
-~ I 
-
'0
 
V
') 
vi 
-V
 
:::> 
"
 
-
~
 . 
co 
I 
-
N
 
.1 
-
-
-
-
14 
TABLE 4.9 
THE PLATES USED FOR STAR COUNTS 
Plate No. Filter Expos. Time 
mlim 
3483 IIaD + GG14 18 sec 13 . 2 (m
v
) 
3484 IIaD + GG14 27 13.6 (m
v
) 
3490 IIaD + GG14 70 14.5 (m
v
) 
3481 IIaO + UG2 7 min 15.5 (m
u
) 
4.4.4 Counting Procedures And Crowding Corrections 
The method used here to count the number of stars is the same 
as was described by King et al. (1968) and Illingwo r t h (1 9 7 3). The counting 
area was divided into 30 concentric circles each separated by 18.9 
arc sec, and 36 radial lines. The reseau was centered by eye and all 
counts wer~ made to the plate limit . A television plate viewing system 
(a large table, television camera on a two-coordinate stage and a large 
studio monitor), constructed at Mt. Stromlo, was used for these counts. 
In the central regions of 47 Tuc, crowding again becomes a 
problem. The apparent star density must be corrected for crowding . 
We used the empirical prescription by King (1 966b) . 
O(log f) 0.429 (log f + log A + 1.735) + 0.15 log (S/67.1). 
Here 0 is the correction to log f, f being the surface density in 
stars/o'. A is the area of faint star images, in 0 ', and S is the 
-1 plate scale in arc sec mm Experience from globular cluster counts 
on plates of different limiting magnitude shows that these corrections 
are usually reliable up to at least o (log f) : 0.1 (Freeman and Craft, 
personal communication) on 40-inch plates . 
4.4.5 The Mean Error Of The Counts 
The statistical mean error of the star de nsities was considered 
by Illingworth (1973). The mean error in log f, from statistical 
fluctuation , is 
E 0.4343 n~/Af 
where n is the actual counted number of stars in an area A, and f = 
(n- b ) /A where b is the background count. Here the background density 
is negligible: the local c-m diagrams showed that very few field stars 
were found until r = 10 arc min for stars brighter than mv = 14.5. 
4 . 4.6 Results 
The results for the star counts are presented in Tables 4 . l0~, 
£, ~ and d. Columns give: (i) R, the radii of the concentric circles 
(numbered from the centre); (ii) log r , where r is the effective 
e e 
radius in each annulus; (iii) N, the number of stars in each annulus; 
(iv) log f , where f is the surface density in stars/o' ; (v) 0 , the 
crowding corrections; (vi) E, the error . The bottom of each table 
shows the limiting magnitude (v l ' ) and the faintest star diameter 1m 
(FSD). Table 4.l0~ and £ are the bright stars ' (RGB and AGB) distrib-
ution, while Table 4.l0d is the HB stars ' which come from §4.4 . 2. 
4.4.7 Comparison With The Surface Brightness Distribution 
The number density distribution from the star counts shows 
good agreement with the surface density distribution for several 
globular clusters by King et~. (1968) and Illingworth (1973). In 
this section we try to compare certain groups of stars (like HB, 
AGB and RGB) with the surface brightness, and find out whether they 
a l so show the same tendency as the comparison with the total number 
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R 
1- 2 
2- 3 
3- 4 
4- 5 
5- 6 
6 - 7 
7- 8 
8- 9 
9-10 
10-11 
11-12 
12-13 
13-14 
14-15 
15-16 
16-17 
17-18 
18-19 
19-20 
20-21 
21-22 
22-23 
23-24 
24-25 
25-26 
26-27 
27-28 
28-29 
29-30 
a 
log r N log f O E 
e 
-. 303 41 1 . 642 . 008 .067 
-. 095 54 1 .540 .059 
.047 40 1 .263 . 069 
.154 36 1.108 . 072 
.241 22 .807 .093 
.313 
.374 
.428 
.477 
.520 
.559 
.596 
.629 
.660 
.689 
.716 
.742 
. 766 
. 789 
.810 
. 831 
. 851 
.869 
. 888 
.905 
.922 
.938 
.9 53 
.968 
25 .790 
16 .530 
13 .390 
14 .374 
13 .298 
10 .145 
7 -.047 
2 -.623 
7 - .111 
9 -.031 
6 -.234 
6 -.260 
8 -.159 
7 -.240 
3 -.629 
4 -.526 
5 -.449 
3 -.688 
5 -.485 
3 -.724 
4 -.616 
3 -.757 
5 -.551 
4 -.664 
FSD = 66.67u 
Vl" = 13.2 1rn 
. 087 
.110 
.120 
.116 
.120 
.137 
. 164 
. 306 
.164 
.145 
.177 
.177 
.154 
.164 
.251 
.218 
.195 
.250 
.194 
.251 
.217 
.251 
.194 
.218 
TABLE 4.10 
STAR COUNTS 
b 
N log f O E 
74 1.898 .117 .044 
81 1.716 . 039 .046 
62 1.452 . 055 
48 1.236 .062 
33 .983 .076 
35 .936 
21 .652 
18 .531 
14 .374 
16 .388 
14 .287 
18 .364 
5 -.226 
10 .044 
12 .094 
8 -.109 
11 .003 
12 .017 
12 -.006 
5 -.408 
10 -.127 
11 -.106 
8 -.263 
7 -.339 
5 -.502 
5 -.519 
5 -.535 
5 - .551 
5 -.565 
FSD 67U 
Vlirn = 13.6 
.074 
.095 
.102 
.116 
.109 
.117 
.102 
.194 
.137 
.125 
.154 
.131 
. 125 
.126 
.194 
.137 
.131 
.154 
.164 
.194 
.194 
.194 
.194 
.194 
c 
N log f 6 E 
191 1.942 .136 . 027 
156 1.745 .052 .033 
154 1.652 . 012 .035 
119 1.468 
105 1.351 
100 1. 276 
84 1.152 
95 1.162 
69 .983 
65 . 921 
60 .853 
70 .889 
65 . 828 
52 .704 
50 .661 
51 .646 
49 .605 
41 .506 
46 .5 36 
35 .397 
34 .366 
32 .321 
29 .261 
40 . 384 
35 .310 
31 .242 
26 .150 
FSD = 45U 
Vlirn = 14.5 
.040 
.042 
.043 
.047 
. 045 
.052 
.054 
. 056 
.052 
. 054 
. 060 
.061 
.061 
.050 
.068 
.064 
. 073 
.074 
.077 
. 081 
.069 
.073 
.078 
.085 
d 
N log f E 
151 1 . 986 .035 
108 1.695 .042 
114 1. 609 . 041 
98 1. 456 . 044 
62 1.185 . 055 
62 1.123 .055 
53 1. 000 . 060 
47 .900 .063 
45 .837 . 065 
33 .663 .076 
43 . 742 . 066 
36 . 631 . 072 
36 . 600 . 072 
25 .413 .087 
20 .289.098 
25 .360 . 087 
17 .168 .105 
26 . 330 .085 
17 . 124.105 
27 .304 .084 
17 .083 .105 
20 .135 .097 
8 -.281 .154 
11 - . 160 . 131 
15 -.042 .112 
20 .067 .097 
17 -.019 .105 
5 -.566 .194 
HE Stars 
'""' .t:-
eo 
FIGURES 4.8a-d 
The results of star counts as a function of radius for 
stars with a V < 13.2, ~ V < 13.6, ~ V < 14.5, and d horizontal 
branch stars. The full line is a schematic representation of 
the Illingworth (1973) surface brightness profile for 47 Tuc 
pre sented in Figure 4.6. Note the excess of bright stars towards 
the centre and this is assumed to produce the observed r adial 
color changes in 47 Tuc (see §4.4.7). 
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of stars. For this purpose we compared the dis tribution of giants 
and HB stars, which come from Table 4.10~, ~, ~ and d with the surface 
brightness distribution, I(R), in Figure 4.8~, ~, ~ and d. From these 
diagrams we see that the HB distribution is very similar to I(R), but 
that the number of AGB and RGB stars (my < 13.2 and mv < 13.6) per unit 
luminosity increases significantly toward the centre of the cluster. 
It is this excess of the brightest red stars towards the cluster centre 
that produces the observed color changes (cf. the calculations 
described in §4.3 and Figures 4.2, 4.5). 
An infrared study by Lloyd Evans (1974) provides independent 
data showing the central excess of the brightest giants (m
v 
~ 12.35 
for his sample). His counts are compared with the surface brightness 
distribution in Table 4.11 and Figure 4.9. 
TABLE 4.11 
STAR COUNTS FROM LLOYD EVANS 
R log r 
e 
log f N E 
1'-2' .199 .594 37 ± .071 
2 '-3' .407 .059 18 ±.102 
3'-5' .615 -.400 20 ±.097 
5 '-8' .824 -.746 22 ± .093 
Although there are only four independent points, because there are 
not so many of these bright giants, there seems little doubt that 
there is again a significant excess of these stars towards the centre. 
FIGURE 4.9 
The independent infrared star count data of Lloyd Evans 
(1974) which also show the excess of brightest stars (V ~ 12.35) 
in the central region of 47 Tuc. 
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4.5 CONCLUSION 
The color distribution calculated from the luminosity function 
is in good agreement with the photoelectric observations of Chapter 2. 
The observe d color variations in 47 Tuc begin at r = 1.5 arc min from 
the centre, as do the variations in the calculated colors, the ratio 
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of grants and HB stars from local c-m diagrams, and the excess of the 
bright red giants shown by the star counts. It seems clear that the 
color changes are directly associated with this central excess of bright 
(RGB + AGB) stars. 
This phenomenon is not peculiar to 47 Tuc. After this work was 
complete, Freeman and Craft (to be published) found a very similar 
central excess of the brightest giants in w Cen. In Chapter 2, 
8 clusters from the sample of 24 showed color changes: it seems 
likely, but not yet established, that these color changes are all 
associated with this same phenomenon. 
These results are somewhat different from the usual concept of 
globular clusters, as homogeneous well-mixed systems. In the next 
chapter we go on to discuss the relation between the color variations 
and the physical and dynamical structure of the clusters. These 
relations may give some clues to the origin of the color variations 
in some globular clusters. 
CHAPTER 5 
DISCUSSION 
5.1 INTRODUCTION 
We have shown in Chapter 4 that the color variations observed 
in 47 Tuc result from radial changes in the bright end of the stellar 
luminosity function. This also appears to be so for w Cen, and it 
may be a general explanation for the color changes observed in all 
eight clusters that show these changes. 
The aim of this chapter is to see whether the presence of 
these color changes is associated with the physical and dynamical 
characteristics of the clusters. like integrated spectral type and 
horizontal branch morphology, absolute magnitude, central density, 
and the central relaxation time (§5.2). It turns out that the 
presence of color changes is associated with long central relaxation 
times. In §5.3 we discuss some hypotheses to explain this effect 
and, in particular, we discuss qualitatively some ways in which the 
color changes could have been established at the time of the 
cluster's formation. 
5.2 COLOR CHANGES AND THE PROPERTIES OF GLOBULAR CLUSTERS 
Table 5.1 gives the following data for all clusters discussed 
in Chapter. 2. Each column is (i) NGC number; (ii) presence (0 ) or 
absence (X) of radial color changes; (iii) integrated spectral type 
from Kinman (1959) or Kron and Mayall (KM, 1960); (vi) horizontal 
branch morphology defined by Dickens (1972); (v) absolute B magnitude 
from tables II and III of Peterson and King (1975), except NGC 6388 
and NGC 6441, which come from the apparent visual moduli 16.8 and 17.2 
156 
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TABLE 5.1 
THE CLUSTER'S PROPERTIES 
NGC Color Sp HB P 3 M Var. t-brph. B M ~pc log T 
0 R 
104 0 G3 7 
-8.63 4.18 x 104 8.09 
362 0 F8 5 
-7.83 3.74 x 104 7.98 
1851 X F7 5 
-7.38 10.10 x 104 7.56 
2808 0 F8 7 
-8.17 6.13 x 10 4 8.18 
5024 0 F4 2 
-8.18 7.01 x 10 2 9.03 
5139 0 F7 2 
-9.67 1.40 x 103 9.55 
5272 0 F7 4 
-8.13 3.63 x 10 3 8.63 
5824 X F5 1 
-7.08 9.33 x 104 7.40 
5904 0 F5 3 -8.03 5.88 x 10 3 8.38 
6093 X F7 1 -6.93 3.31 x 105 6.97 
6266 X F8 4 
-7.56 3.16 x 104 7.99 
6356 X G5 7 
-7.77 7.18 x 103 8.54 
6388 X G3 
-9.02 8 . 70 x 104 8.02 
6441 X G4 
-8.80 4.86 x 104 8.00 
6522 X F8 (KM) 
-5.98 1. 24 x 105 7.16 
6541 X F6 1 -7.28 2.61 x 104 7.82 
6637 X G5 7 
-7.24 5.97 x 103 8.29 
6715 X F7 4 -7.84 4.50 x 104 8.01 
6752 X F6 1 -7.48 1. 23 x 104 7.98 
6864 X F8 5 
-8.21 2.00 x 104 8.26 
7006 0 F3-4 5 -6.88 1.79 x 102 9.09 
7078 X F3 3 -8.38 3.94 x 10 4 8.08 
7089 X F3 2 -8.41 6.99 x 103 8.66 
7099 X F3 1 -6.88 8.08 x 104 7.16 
r 
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respectively from Illingworth (1973). The i n tegrated color used here 
comes from Harris and van den Bergh (1974); (vi) Po' the central 
density from the central surface brightness which is taken from table 
IV of Peterson and King (1975) except NGC 6388 and NGC 6441, which was 
calculated from the central surface brightness of Illingworth (1973). 
This is derive d by assuming Po 
r is the core radius, and p ~ 
c 
= L /pr where L is the surface density, 
o c 0 
2 for the more concentrated clusters. 
Mass to light ratio M/~ = 1 (solar units) was also assumed for this 
calculation; (vii) log TR, log (central relaxation time) which is 
also taken from table IV of Peterson and King (1975) (except NGC 6388 and 
NGC 6441, which were calculated from the central density in this table). 
The central density p and the central relaxation time T were already 
o R 
described in Chapter 1 (see §1 . 2 and §1.4) . 
Figures 5 . 1 a f show that the presence of the color 
gradients does not appear to depend on the cluster's absolute magnitude 
(MS )' integrated spectral type or HS morphology. There is, however, 
a marked dependence on the central relaxation time T
R
, in the sense 
8 that the clusters with color changes have TR ? 10 y. A possible 
correlation with the central density Po is also noticeable. Since, 
however, TR and Po are not independent (see §1.2) we may in fact be 
seeing the same result in both diagrams. 
5.3 IMPLICATIONS OF THE COLOR GRADIENT - TR DEPENDENCE 
The first implication is that the color gradients are not 
the product of mass segregation resulting from the dynamical 
relaxation. This was already apparent for several reasons: 
(i) it seems likely that the excess red giants in the central regions of 
these clusters are AGB stars, and the AGB stars are , if anything, less 
massive than the stars on the first giant branch (Eggen 1972; 
FIGURES 5.la-f 
The positions of clusters showing color variations (filled 
circles) and those not showing variations (open circles) in a 
the (spectral type, log po)-plane, £ the (HB morphology, log TR)-
plane £ the (M
B
, log TR)-plane, ~ the (spectral ~ype, log TR)-
plane, ~ the (HB morphology, log p )-plane, and f the (spectral 
o 
type, ~)-plane. There is a marked correlation between the 
existence of color variations and the relaxation time in the 
sense that clusters with log TR ~ 8 show variations. There is 
no noticeable correlation with MB, spectral type or HB morphology. 
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Osborn 1973; Demarque and Mengel 1972); we might then expect them 
to be less centrally concentrated: (ii) however in any case some of 
the clusters with color changes (e.g. w Cen) have TR much longer than 
8 the evolution time from the red giant tip to the AGB tip ( - 2 x 10 y, 
Iben and Rood 1970; Cannon 1970; Faulkner and Cannon 1973; Gingold 
1974). At least for these clusters dynamical effects should not 
produce any radial segregation of stars on the two giant branches: 
(iii) the color gradients predicted from relaxed model clusters are 
significantly smaller than those we observe (less than 0.05 in B-V; 
Da Costa, personal communication). The additional fact that the 
clusters with color gradients have the longest relaxation times is 
clearly inconsistent with the hypotheses that these gradients result 
from dynamical relaxation (King 1975), and is the strongest argument 
against this possibility. 
The most obvious interpretation of the color gradient - T 
R 
dependence is that the color gradients result from radial gradients 
of some parameters, that were set up at the time of formation of the 
cluster. (By analogy with present beliefs about the structure of 
galaxies, this quantity could be metal abundance, although there are 
certainly other possibilities.) The clusters with long relaxation 
times have life times TL = (5 to 100) .T
R 
and it may be that, for 
these clusters, there has not been enough time for the radial gradient 
of this unknown parameter to diffuse away beyond detectability, as 
a result of relaxation. On the other hand, in clusters with TL = 
(100 - 1000) .TR where no color gradients are seen, the effects of 
diffusion may be enough to obliterate any initial inhomogeneity. 
We should comment that although the breakpoint at TL ~ 100 TR may 
appear rather longer than one might expect for this diffusion picture, 
the time is the central reference time: the reference time increases 
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rapidly with radius in the cluster. 
If the discussion so far is correct, we must now e xplain why 
the number of the brightest AGB stars per unit luminosity decreases 
with radius. Here is one possible explanation. Consider the post-HB 
evolution of a globular cluster star. On the ze ro-age (ZAHB) it has two 
main components: the helium burning core (mass; 0.4 - O.SM from 
® 
theory: Rood 1970; Sweigart and Gross 1974) and the hydrogen-rich 
envelope. Present belief is that its total mass is determined by the 
amount of ~ loss that occurs in the time between the star leaving 
the main sequence and arriving on the ZAHB (Iben and Rood 1970; 
Demarque and Mengel 1972). When the He-core burning ceases, the star 
ascends the second giant branch. From the theory (Gingold 1974, and 
references therein), it is clear that the maximum luminosity that the 
star reaches, before evolving away to the blue, dep ends on its envelope 
mass. Now say, for simplicity, that all ZAHB stars have the same core 
mass, and assume that for some reason the amount of mass loss depends 
on the position in the cluster, in the sense that stars which spend 
most of their time near the cluster centre have lost the least mass. 
The result of this radial gradient in mass loss would then be a 
radial gradient in the number of the brightest AGB stars per unit 
luminosity, in the sense observed. 
We can test this hypothesis, that there is a radial gradient 
of mass loss. In the simplest case, that all ZAHB stars have the 
same chemical composition and core mass, the effective temperature 
decreases monotonically with increasing total mass. The n, if the 
mean mass loss changes with radius, we would e xpe ct that the 
distribution of stars along the HB would also change with radius. 
The sense required for our picture is that HB in the inner parts 
of the clusters are redder, in the mean, than in the outer parts. 
We have looked for this effect in 47 Tuc , from the photometry 
described in Chapter 3. Because the color change in this cluster 
occurs at r - 2 ' I we compared the distribution of stars along the HB 
for 90" < r < 2 ', 2 ' < r < 3' and 6' < r < 14'. There is an obvious 
problem. Because of background effects in the inner regions, there 
will be systematic errors in magnitudes and possibly colors. For this 
test, systematic errors in color, if they exist, are clearly important. 
We already explained how to remove the background effects for the 
inner regions in Chapter 3 and found that the color correction is not 
necessary for these regions at least until ffiy < 14.5, which includes 
HB stars. The reasons for arguing this are; (i) after correction 
in V magnitude (the correction was - 0.4 mag for HB stars in the 90"-2' 
region), the c-m diagrams are in good agreement with the mean c-m 
in the outside, (ii) the observed c olor of the giant branch (B-V) 
o,g 
at the level of the HB for inner regions (specially for 90"-2') is 
- 1.03, which is the same value in the outer regions of the cluster. 
Table 6.2 gives the distribution of HB stars as a function of B-V. 
The first column gives B-V; the remaining columns give the number 
of HB stars in the color range B-V ± 0.02 for 6'-14', 2'-3' and 90"-2' 
and their mean errors. All the numbers of stars were normalized to 
158 stars (2'-3' zone) and the actual counted total number of stars 
is presented in the bottom of each zone of Table 5.2. Figure 5.2 
shows the distribution of HB stars with B-V for the three annular zones. 
There appears to be a significant difference between the inner and 
outer zones in the sense required by our picture. However it is not 
clear yet how seriously this difference should be taken, mainly 
because of the accuracy of measurement in this region. 
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FIGURE 5.2 
The distribution of HB stars as a function of (B-V) and 
cluster radius. There appears to be a greater concentration of 
redder HB stars towards the centre. 
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TABLE 5.2 
THE DISTRIBlJI'ION OF HB STARS 
6'-14' 2'-3' 1.5'-2' 
B-V N e N e N e 
.69 5.7 1.9 3 1.7 0 0.0 
.73 8.8 2.3 6 2.4 4.3 3.0 
.77 22 3.8 28 5.3 8.5 4.2 
.81 45 5.4 45 6.7 23 7.0 
.85 43 5.2 50 7.1 34 8.5 
.89 21 3.6 22 4.7 51 10.5 
.93 11 2.6 4 2.0 36 8.7 
.97 0 0.0 0 0.0 8.5 4.2 
No. 
Stars 251 158 78 
Assuming now that these radial changes of distribution along 
the horizontal branch do in fact exist, what processes could lead to 
this radial dependence of mass loss? Renzini (1975) has reviewed 
mass loss theories: among the possibilities are (i) radial gradient 
of abundance, in the sense that Z decreases with radius, (ii) if the 
helium cores of population II red giants are rotating rapdily, then 
a radial gradient of core angular velocity (increasing with radius) 
could produce the gradient of mass loss. The effects of core rotation 
are more complicated than our simple picture, because the core mass 
itself changes with core rotation (Demarque, Mengel and Sweigart 1972). 
However Renzini (1975) concludes that the maximum luminosity reached 
along the AGB rapidly decreases with increasing angular velocity at 
the main sequence, so a radial gradient of main sequence angular 
velocity could produce the gradients that we observe. 
5.4 DISCUSSION 
The dependence of color gradients on relaxation time suggests 
that the gradients are associated with some radial inhomogeneity that 
was set up at the cluster's formation: i.e. in the clusters with 
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the longest times, we see the gradients bec ause there has not been 
enough time for the inhomogeneities to diffuse away. The nature of 
the inhomogeneous parameter is not clear. Two Possibilities, suggested 
by analogy with galaxies and by stellar mass loss theory, are metal 
abundance (decreasing outwards) and main sequence angular velocity 
(increasing outwards). 
Qualitatively one can imagine how either gradient could be 
set up as the cluster formed. For metal abundance, we turn to Larson's 
(1969, 1974) models for galaxy formation. Here the chemically enriched 
gas lost by early generation stars falls towards the centre to produce 
a radial gradient of chemical abundance. Although the timescales for 
6 8 cluster collapse ( - 10 y) are shorter than for galaxy collapse ( - 10 y), 
they are not so short (compared with the lifetimes of massive stars; 
Cameron and Truran 1971) as to eXclude this picture. For the angular 
velocity gradient we require that stars with lower values of the spin 
angular momentum are more concentrated to the cluster centre. The stars 
near the centre are certainly stars of low orbital angular momentum; a 
relation between the spin and orbital angular momentum of stars, resulting 
from the star formation processes (Mestel 1966) would complete the picture. 
It is obviously important to discover the nature of the 
inhomogeneity parameter. Some evidence that it may be me tal 
abundance comes from the spread in [Ca/H] observed for the RR Lyrae 
stars in w Cen (Freeman and Rodgers 1975). A more direct test would 
be to estimate the metal abundance of HB stars in clusters like 
47 Tuc: if the parameter is metal abundance, then we would expect 
the mean abundance to increase with color along the HB. Certainly 
we must keep in mind that many stars on the red side of the giant 
branch of w Cen possess strongly enhanced features of CN (Norris and 
Bessell 1975; Dickens and Bell 1976; Bessell and Norris 1976). 
I 
These peculiarities can only be caused by t he mixing of nuclearly 
processed materials to the stellar surface duri ng its evolution. 
While the cause of such mixing is not understood it may be related 
to the problem of rotating cores in these objects (Demarque and 
Zinn 1975). 
If the parameter turns out to be metal abundance then this 
has some obvious implications on which we can speculate briefly: 
(i) it suggests that clusters could produce their own metals, as do 
galaxies. This may explain why there appears to be no population II 
objects with abundances [Fe/H] significantly less than 0.01 of the 
solar value (Butler 1975, and other references therein); (ii) this 
in turn may mean that clusters are self-contained sites of nuclear 
evolution: studies of lower and higher abundance giants in the same 
cluster could give useful constraints on the nucleosynthesis processes. 
The color gradient effects we have observed are entirely 
comparable with those seen in galaxies. For galaxies it is not yet 
clearly understood how these gradients are produced (e.g. by what 
combination of changes in line blanketing, c-m diagram morphology and 
luminosity function). For the clusters, we can at least show how the 
changes are due to an excess of red giants (probably AGB stars) 
towards the centre. 
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CHAPTER 6 
MASSES OF SOME GLOBULAR CLUSTERS IN THE MAGELLANIC CLOUDS 
6.1 INTRODUCTION 
Globular clusters in the Galaxy are all old objects, with ages 
10 
of about 10 years (Sandage 1970). In the Magellanic Clouds, on the 
other hand, the globular star clusters have ages anywhere between 
6 10 
about 5.10 years and 10 years. This wide spread in age results 
in a wide spread in integrated color: the young clusters have 
-0.1 < B-V < 0.4, while the older clusters have B-V > 0.6 (Gascoigne 
1965 , 1966 ; van de n Be rgh and Hagen 1968; Be rnard and 
Bigay 1974; Fre eman 1974). For several of the older clusters, color-
magnitude diagrams are available (Gascoigne 1962, 1966; Hodge 1960~, 
b, C; Tha ckeray 1957; Tifft 1962 ; Walker 1971) and there seems 
to b e l i ttle do u b t that a t l e a s t some of t he m a re no r mal globular 
c lusters l ike t hos e i n t he halo o f the Galaxy. 
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Color-magnitude diagrams of the young clusters (Flower and Hodge 
1975; Woolley 1960; Robertson 1974; Arp 1959~, b; Westerlund 1961; 
Arp and Thackeray 1967) are like those of h and X Persei for the 
youngest systems, and more like the Pleiades for the somewhat older 
ones. The spread in these c-m diagrams also suggests that individual 
cluste rs formed in a relatively short burst of star formation. 
From the study of two young clusters, NGC 1866 and NGC 1831, 
by Fre eman and Gascoigne (1971), it seems clear that these young clusters 
have globular-c luster-like masses ( - 104 to 5.104 M ) and luminosity 
o 
profi les, so it seems valid to regard the m as young globular clusters. 
This raises s e v e ral i nteresting problems, including the question of 
why clusters should form so recently in the Magellanic Clouds but 
apparently not in the Galaxy. So far, there is little information 
available about the physical structure of these clusters . The aim 
of this chapter is to provide luminosity profiles and masses for five 
clusters: two young ones (NGC 1818 and NGC 2157) and three older ones 
(NGC 419, NGC 1835 and NGC 2210) for comparison. The procedure for 
deriving masses ( §6.5) is to assume that the clusters are in angular 
orbits about the rotation centre of the LMC (or SMC for NGC 419). 
The tidal radius r t (which can be derived from the observed luminosity 
profile) then depends on the cluster mass M~ and its location in the 
LMC potential field, through the relation. 
where n and K are the angular velocity and epicyclic frequency at the 
cluster's location. Using the Keplerian approximation, the above 
equation can be reduced to the usual relation M~/M = 3 (rt/R)3 , where 
M and R are the mass of the point and its distance from the cluster. 
The observations which give the luminosi ty profiles are 
described in §6 .2. In §6 .3 the surface brightness distributions are 
given (from which r t is derived), and in §6.4 the data about the 
internal motions in the Magellanic Clouds are described: these lead 
2 2 
to values for 4n - K . The cluster masses are derived in §6.5. 
This chapter includes some results for the old LMC clusters 
published already by Freeman and Chun (1972). 
6.2 OBSERVATIONS 
Two observational methods, photoelectric drift scans and 
star counts, were used to derive the surface density distributions 
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for the clusters. Most of the observations were made by Dr. K. Freeman 
who kindly gave them to the author for analysis. 
6.2.1 Drift Scans 
The Mt. Stromlo 50-inch and Siding Spring 40-inch telescopes, 
equipped with off-set guider heads, filter/aperture boxes and lP21 
photomultipliers, were used for these observations. For each cluster , 
several parallel west-to-east scans were made by offsetting the 
telescope tracking rate. The photomultiplier signal was amplified 
by a GR electrometer/amplifier and recorded on a moving chart (Brown 
recorder). A V-filter was used for all the clusters. To determine 
the chart scale (arc min/cm of chart), drifts were made between two 
bright stars, whose separation on the sky was measured from 40-inch 
photographs. This procedure was followed for each cluster. Further 
checks on the chart scale were provided by fainter stars that appeared 
on the various drift scans. The resulting uncertainty in the chart 
scale is entirely negligible. 
TABLE 6.1 
APERTURE SIZE AND DRIFT LOCATIONS 
NGC 419 1818 1835 2157 2210 
Aperture 18" 14".4 18" 14".4 18" 
Tel e scope 40-inch 50-inch 40-inch 50-inch 40-inch 
scanning 5".4 N 0 0 0 9"S 
position 23".4 N 14".4 S 18"S 14".4 S 27"S 
from 41".4 N 28".8 S 36"S 14".4 N 9"N 
centre 12".6 S 14".4 N 18"N 28" . 8 S 0 (using 
30".6 S 28".8 N 36"N 28".8 N 9") 
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Table 6.1 gives the aperture size and drift locations (N and S ) 
for each cluster. The drift locations relative to the cluster centre 
were set accurately with the off-set guider. 
For each drift scan, the intensity was measured at half beam 
1 
2 aperture diameter) intervals. width (Le. These intensities were 
corrected for extinction, as in Chapter 2, and transformed to the 
V-system by using transformations determined for each cluster from 
standard stars in the LMC/SMC regions. Each drift scan extended 
well beyond the cluster in each direction. From these outer parts, 
the sky (i.e. dark sky + LMC/SMC background) was determined: for 
each measured point, the pair of numbers (intensity above sky, 
distance from cluster centre) was then plotted on a log I - log r 
diagram. 
Table 6.2 gives the magni tude zero-point for each cluster, 
and the (sky + LMC/SMC background) deflection and surface brightness. 
We should mention again that these scans were made with two telescopes 
(over a period of several months and with different photomultipliers) . 
TABLE 6.2 
SKY DEFLECTION 
Sky Deflection 
NGC 100nun in chart corresponds to (mm) V mag/arc sec 
15.73 V mag/Sl arc sec 2 47 21. 32 419 2 ISIS l6.lS V mag/sl.S arc sec 70 20.90 lS3s 16.02 V mag/Sl arc sec 2 SO 21.03 
2157 l6.lS V mag/sl.S arc sec 2 71 20.90 
2210 16.71 V mag/Sl arc sec2 73 21.S2 
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TABLE 6.3 
NGC 419 STAR COUNTS 
No of 
cS R r Stars log f E e 
3-4 1.11 84 1.437 0.067 ±0.067 4-5 1. 43 58 0.978 0.124 5-6 1. 74 60 0.801 0.155 
40-inch 60 min V 25.2"/mm image 99~ 
background 11.17/0' reseau 0.75mm 
NGC 1818 STAR COUNTS 
R No of log f cS r E e Stars 
2-3 .36 39 2.101 
.069 ±0.070 3-4 
.50 23 1. 724 0.091 4-5 
.63 32 1. 719 0.077 5-6 .77 13 1. 274 0.123 6-7 
.91 17 1.319 0.107 
7-8 1.05 11 1.061 0.136 10-11 1. 47 10 0.865 0.145 
40-inch 20 min V 11. 2"/mm image 120~ 
background 
.41/0' reseau 0.75mm 
2-3 .80 121 1. 773 0.211 ±0.052 
3-4 1.11 102 1.452 0.074 0.071 
4-5 1. 43 104 1. 271 0.085 
5-6 1. 74 93 1. 941 0.140 
6-7 2.05 88 0.520 0.303 
7-8 2.37 100 0.475 0.311 
40-inch 30 min V 25.2"/mm image 99~ 
background 18.4/0' reseau 0.75 mm 
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TABLE 6.3 (Cant.) 
NGC 2157 STAR COUNTS 
R No of log f E r e Stars 
1-2 0.50 125 2.114 0.207 ±0.040 2-3 0.80 78 1.668 0.015 0.053 3-4 1.11 41 1.184 0.083 4-5 1.43 44 1. 086 0.084 5-6 1. 74 24 0.544 0.177 6-7 2.05 28 0.533 0.166 7-8 2.37 32 0.524 0.151 8-9 2.68 36 0.518 0.149 
40-inch 10 !ninB 25.2"/mm image 66~ background 3.5/0' reseau 0.75mm 
2-3 0.36 24 1.887 ±0.090 3-4 0.50 25 1. 756 0.088 4-5 0.63 23 1.608 0.093 5-6 0.77 6 0.898 0.199 6-7 0.91 7 0.892 0.184 7-8 1. 05 10 0.995 0.151 8-9 1.19 7 0.759 0.191 9-10 1..33 10 0.881 0.155 11-12 1. 61 5 0.412 0.266 13-14 1.89 4 0.163 0.359 
40-inch 7 !ninB 11. 2"/mm image 100~ 
background 
.95/0' reseau 0.75mm 
-= 
6.2.2 Star Counts 
Star counts were made for NGC 419, NGC 1818 and NGC 2157. 
The counting and reduction procedure followed precisely the one 
described in Chapter 4 ( §4.4). Table 6.3 gives the results of 
star counts for each cluster. The columns are, (i) R, the radii 
of the concentric circles (numbered from the centre); (ii) log r , 
e 
where r is the effective radius; (iii) the number of stars in each e 
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annulus; (iv) log f, where f is the surface density in stars/(arc min) 2, 
corrected for the background density; (v) the crowding corrections 
to be added to log f; (vi) the statistical mean errors. Under each 
table the telescope used, plate scale, faint star diameter, 
background density (stars/o') and reseau are presented. 
6.3 SURFACE BRIGHTNESS DISTRIBUTION 
Figures 6.1~, ~, ~, ~, ~ show the surface brightness profiles 
for each cluster. The open circles are individual data points from 
the photoelectric drift scans. The filled circles come from star 
counts: for each cluster, a constant vertical displacement has been 
applied to the star count points, to match them to the photoelectric 
points in the region where the star counts and photoelectric 
observations overlap. The sky level (sky) is the photoelectric "sky + 
LMC/SMC background" level, and (Bkgd) denotes the star count background 
level. The solid lines are King models (1 966a) fitt e d by eye to the 
composite surface brightness profiles. 
For NGC 2157, the photoelectric drift data and the star counts 
do not match we ll. The reason for the poor match in this one case 
is not clear: it may be dynamical in origin, because the star count 
data cannot be represented by any King model (1 966a). 
FIGURES 6.1a-e 
surf ace brightness profiles from scans and star counts 
for a NGC 419, £ NGC 1818, £ NGC 1835, ~ NGC 2157, and e 
NGC 2210. The full line is the King (1966~) dynamical model 
which best fits the data. (The model parameters, rand c 
log rt/r
c 
are shown at top right). Sky position from the 
photoelectric observations and background density for the star 
counts are also indicated. 
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6.3.1 The Length Parameters 
Our main reason for deriving the surface brightness profiles 
was to estimate the tidal radius r which we need to calculate the 
t 
masses. Table 6.4 gives the length parameters for each cluster from 
the fitting of the King models to the observed profiles. We used the 
distances of LMC and SMC as 55 kpc and 66 kpc from the following 
section (§6.4). 
TABLE 6.4 
THE LENGTH PARAMETERS OF GLOBULAR CLUSTERS 
log r r r r 
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NGC 
rt/r
c 
c (arc sec) c (parsec) (arctmin) t (parsec) 
419 1.0 17.37 5.55 2.92 55.5 
1818 1.5 5.61 1.50 2.96 47.4 
1835 1.5 4.95 1. 32 2.61 41.8 
2157 1. 25 7.20 1. 92 2.13 34.1 
2210 1.5 6.48 1. 73 3.42 54.7 
6.4 THE DISTANCES AND POTENTIAL FIELDS OF THE MAGELLANIC CLOUDS 
To calculate cluster masses from their tidal radii, we also need 
to know their distances and the sum of (4n 2 - K2 ) with radius in each 
cloud: here n is the angular velocity and K is the epicyclic frequency. 
6.4.1 The Distances 
Table 6.5 gives distance estimates for the two c l ouds . Clearly 
the most reliable estimators are the variable stars , in particular the 
cepheids and RR Lyrae stars. The columns show: (i) and (ii) (m-M) 
o 
for the LMC and SMC respectively; (iii) the distance estimator; 
(vi) source. We adopt Gascoigne's (1972) mean distance moduli; i.e. 
D(LMC) = 55 kpc, D(SMC) 66 kpc. 
--
TABLE 6.5 
DISTANCE MODULUS FOR LMC AND SMC 
(m-M) 
LMC 
19.01 
18.6 
18.8 
IB.7 
18.65 
18.8 
18.75 
18.59 
18.6 
18.8 
18.7 
18.8 
18.8 
°SMC 
19.2 
19.1 
19.1 
19.0 
19.1 
19.0 
19.2 
19.27 
19.4 
19.0 
19.0 
19.1 
Object 
Bright Stars 
Giant 
Giant 
Giant and RR Lyrae 
RR Lyrae 
Cepheid 
Cepheid 
Cepheid 
Cepheid 
Novae 
Novae 
Radial Velocity 
HB 
Source 
Shapley and Neil 1954 
Gascoigne 1966 
Walker 1972 
Tifft 1962 
Thackeray and Wesse1ink 1955 
Gascoigne and Kron 1965 
van Genderen 1969 
Gascoigne 1969 
Sandage and Tarnrnann 1971 
Buscornbe and de Vaucou1eurs 1955 
van den Bergh 1968 
Sandage 1963 
Walker 1970, 1971 
Freeman 1970; Sandage 1971 
6.4.2 The Potential Fields 
The next problem is to estimate (4n 2 - K2) at the location of 
each cluster. because of the derivative, 
it seems best to fit a simple model to the observed rotation curves 
for the LMC and SMC, and then use the model to estimate 4n2 _ K2. 
There is a complication for Mage11anic systems. The centre 
of rotation is usually different from the optical centre of the system; 
see de Vaucou1eurs and Freeman, 1973 (dVF). From estimates and 
references given there, we adopt for the rotation centres: 
LMC; 
SMC; 
R.A Dec. 
_690 18.7 
_720 49 (1950) . 
The surface brightness distributions for the LMC and SMC follow 
1B2 
quite closely the exponential law I(R) = I exp (-aR) , and Freeman (1970) 
o 
showed that the observed rotation curves could be represented adequately 
i 
by the theoretical curve for a disk with surface density distribution 
-1 
L(R) = L exp (-aR), where a is the lengthscal e derived from the o 
surface photometry. If we adopt the inclinations given by dVF 
(27
0 
for the LMC and 60
0 
for the SMC) and the photometri c value s for 
-1 
a (1.6 kpc for LMC, 0.83 kpc for SMC, which come s from a = 0.023 
per arc min and D 
9 7 x 10 M , M(SMC) 
o 
66 kpc), then exponential disks with masse s M(LMC) 
9 
1.2 x 10 M represent the observed 2l-cm rotation o 
curves adequately (Carrick and Freeman, unpublished, for the LMCi 
dVF for the SMCi 
were also used) . 
V 
m 
-1 -1 
= 90 km sec for LMC and 50 km sec for SMC 
-1 We adopt these values for a and the masses. 
2 2 From the theoretical rotation curve, 4n - K can be 
calculated (Freeman 1970). The cluster mass is given by the relation 
M... 1:. r 3 (4n 2 _ K 2 ) . 
w G t 
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The theoretical curve gives the dimen sionless quantities n CR), K(R) where 
3 ~ _ 
n = n/(Gma) etc., m is the disk mass and R a R is the dimensionless 
radius. If we now write r = a rt' then 
The cluster mass then follows from the observed value s o f r
t
, R, and a , 
and the adopted value of M. (We recall again that M is simply the scale 
factor required to match the theoretical and observed rotation curves: 
it need not be the total mass of the LMC or SMC.) 
6.5 CLUSTER MASSES AND MASS-TO-LIGHT RATI OS 
We can expect that the M/L ratios for the young and old 
clusters will differ considerably because their stellar contents are 
so different. This can be seen from their c-m diagrams and from their 
184 
integrated colors. Table 6.6 gives the integrated V-magnitude 
(which we will need later) through a 60 arc sec di ameter aperture, 
the corresponding B-V and U-B colors, and the estimated ages for our 
five clusters. Columns (ii), (iii) and (iv) come from van den Bergh 
and Hagen (1968) and columns (v) and (vi) are the ages of clusters 
and the sources for the estimates. 
TABLE 6.6 
INTEGRATED MAGNITUDES AND AGES FOR GLOBULAR CLUSTERS 
NGC V60 B-V U-B Age (107y) Source 
419 10.66 0.68 0.23 1-5.102 Arp 1958b 
1818 9.85 0.18 
-0.46 2 3 Robertson 1974 1835 10 . 16 0.74 0.11 
- 10 Bernard 1975 
2157 10.16 0.19 
-0.16 2 Robertson 1974 
2210 10.94 0.71 0.11 - 103 Bernard 1975 
6.5.1 Integrated Masses 
The relation Me = r~ (40 2 - K2 )/G, where 0 , K are evaluated 
at the cluster's present location, requires the assumption that the 
cluster orbit is circular and lies in the plane of the parent galaxy. 
For the two young clusters this is probably a realistic assumption, 
because the velocities of NGC 1818 and NGC 2157 are close to the local 
HI velocity, as we would expect for such young objects (Andrews and 
Lloyd Evans 1972; Freeman, personal communication). Similarly, if 
NGC 419 is really an intermediate age cluster (Arp 1958~), then the 
kinematics of intermediate age objects in the Galaxy also suggest 
that it is probably in an approximately circular orbit. On the other 
hand, NGC 1835 and NGC 2210 are apparently very old clusters, so their 
orbits are probably not circular and not in the plane of the LMC, 
i 
and the above relation can give only an upper limit on their masses. 
First we must estimate the radial distance of each cluster 
from the rotation centre of the LMC or SMC. Define polar coordinates 
(R, a ) in the plane of the galaxy: R is measured from the rotation 
centre and a comes from the line of nodes (i.e. the intersection of 
the plane of the galaxy and the plane of the sky). Let (R , a ) be 
o 0 
the observed polar coordinates, relative to the same centre and line 
of nodes. Let the angle between the line of sight and the normal to 
the galacti c plane be i (i = 0 corresponds to a face-on system), 
then (R, a ) and (R , a ) are related by 
o 0 
tan 0 = tan a sec i 
o 
R = R sec a/sec a 
o 0 
Table 6.7 gives the best estimates of the position angle for the lines 
of nodes and the inclination angles; (from dVF) . 
TABLE 6.7 
POSITION ANGLES AND INCLINATIONS OF LMC AND SMC 
P.A of line of nodes 
inclination i 
LMC SMC 
The resulting true radii are given in Table 6.8. 
- 2 - 2 Next we need the function 4n - K for the exponential disk. 
-1 For a disk of mass m and lengthscale a , define the dimensionless 
- 3 ~ length R = a R and dimensionless frequencies n = n/(Gma ) . Figure 6.2 
- 2 - 2 -
shows the run of 4n - K with R: this can be scaled to dimensional 
quantities by using the values for m and a adopted in §6.4.2. 
- 2 - 2 Table 6.8 give s the value s 0 f 4n - K at the cluster locations. 
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FIGURE 6.2 
- 2 -2 The dimensionless quantity 4 n - K for the exponential 
disk from the theoretical rotation curve (Freeman 1970). 
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(For the two old clusters these values are indicative only, as mentioned 
above). The fifth column of Table 6.8 gives the resulting masses. 
These masses depend on the assumptions described at the beginning 
of this section, which probably do not hold for NGC 1835 and NGC 2210. 
TABLE 6.8 
MASSES OF GLOBULAR CLUSTERS 
NGC R(kpc) - 2 - 2 412 - K r
t 
(pc) M(M ) M (Upper Limit) (;) 
419 .918 
.3165 55.5 113553 
1818 3.042 
.1950 47.4 35490 
1835 1.482 
.3490 41.8 43561 6.2 x 104 2157 3.487 .1650 34.1 11181 
2210 4.834 .0965 54.7 26992 14.0 x 104 
For these two clusters, we can derive an upper limit on their masses 
M 1M :; 0 50 - 3 61 LMC • r t 
This follows because the luminosity profile of the LMC is very closely 
exponential: for the exponential disk 4n 2 - ; 2 < 0.50 everywhere. 
The last column of Table 6.8 gives this upper limit to the masses 
for the two oldest clusters. Their uncertainties, given in Table 6.8, 
are about a factor 2 where all sources of error (in the tidal radii, 
the potential fields, and the distance moduli) are included . 
6.5.2 Comparison with Other Mass Estimates 
Masses for young globular clusters can also be estimated from 
their total luminosity and stellar content (Ford 1971; Heckman 1974). 
Table 6.9 compares these estimates with dynamical mass estimates 
(this thesis for NGC 1818, Freeman and Gascoigne for NGC 1831 and 
NGC 1866) for three young clusters. 
TABLE 6.9 
COMPARISON OF DIFFERENT MASS ESTIMATES 
NGC Ford ( 1971) Heckman (1974) Dynamical 
1818 5 x 104 <5 x 104 3.5 x 104 
1831 1.7 x 104 2 x 104 
1866 8.5 x 104 3.6 x 104 6 x 104 
The different methods clearly give consistent results. 
6.5.3 TOtal Luminosities And MIL Ratios 
The total luminosities were calculated by integrating the 
observed surface brightness profiles. As a check on the zero-point, 
we also calculated the luminosity within a 60 arc sec circle to 
compare with the photoelectric V60 values given in Table 6. 9: the 
difference was in no case larger than m = .10 . Table 6.10 gives 
v 
total luminosities and MIL ratios for the five clusters. The 
columns show, (i) NGC number; (ii) V
60
, V magnitude from the 
luminosity within 60-arc sec circle; (iii) mass, which is expressed 
in solar units; (iv) total apparent magnitude; (v) total absolute 
magnitude; (vi) total luminosity expressed in solar units; 
(vii) mass to V luminosity ratio. For NGC 1835 and NGC 22 10, the 
masses and MIL ratios are upper limits, as explained in §6.5.1. 
TABLE 6.10 
MASSES, MASS-TQ-LIGHT RATIOS FOR GLOBULAR CLUSTERS 
NGC V60 M m M L MIL (0 ) v v (0) 
419 10.60 11.4 x 104 9.98 -9.12 3.7 x 105 0.31 4 5 0.08 1818 9.78 3.5 x 104 9.40 -9.30 4.3 x 105 1835 10.10 6.2 x 104 9.81 -8.89 3 .0 x 105 0.21 2157 10.10 1.1 x 104 9.87 -8.83 2.8 x 105 0.04 2210 10.89 14.0 x 10 10.50 -8.20 1.6 x 10 0.89 
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From this table, we see that the two very young clusters have 
M/L ~ 0.08, which is similar to the values derived for NGC 1831 and 
NGC 1866 by Freeman and Gascoigne (1971). This value is smaller than 
Heckman's (1974), who derives the mean M/L = 0.26 for the young clusters. 
This appears to originate from differences between our luminosities, 
masses and Heckman's: our luminosities are close to the independent 
measures by van den Bergh and Hagen (cf. column II of Tables 6.6 and 6.10). 
6.6 DISCUSSION 
The main results of this chapter are (i) we confirm that the 
young clusters have luminosity profiles that are well represented by 
King's (196~) relaxed models , even though their ages are shorter compared 
with their relaxation times (Freeman 1974); (ii) the masses of the 
4 5 brightest young and old clusters are similar, in the range 10 - 10 M , 
o 
so it seems valid to regard the young clusters as true globular clusters 
that have formed recently. 
We should compare the low upper limit on M/L for NGC 1835 
(M/L < 0.21) with the values derived for ten galactic globular clusters 
v 
by Illingworth (1973); these range from 0.9 to 2.8. NGC 1835 appears 
to be a real halo-type cluster; it has many RR Lyrae stars (Graham and 
Ruiz 1974). If our upper limit is correct, then it means that the 
luminosity function for NGC 1835 differs significantly from the mean 
luminosity function for the galactic globulars (although the increase 
from M/L = 0.21 for NGC 1835 to the lower limit of 0.9 for the galactic 
globulars is no larger than their range from 0.9 to 2.8). To underestimate 
M/L for NGC 1835 by a factor 3 say, we could have : (i) overestimated L; 
a significant overestimate is clearly out of the question, from 
1/3 
Tables 6.6 and 6.10; (ii) underestimated r t by a factor - 3 1. 39 , 
~- ---- --
but since the surface brightness is very fit ted by the King models 
we would not expect any changes in length parameters ; (iii) under-
- 2 - 2 
estimated the maximum value of 4n - K by a factor of 3; again, 
from the surface photometry of the LMC this appears unlikely. We 
conclude that the lower upper limit on MIL for NGC 1835 is probably 
real. 
The MIL values for the young clusters (MIL - 0.08) are no 
v 
surprise: they are consistent with values estimated from the 
observed color-magnitude diagrams and a Limber-type luminosity 
function by J. W. Robertson (personal communication). 
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FUTURE WORK 
The main observational result of this study i s the existence of 
radial inhomogeneities in some globular clusters, which appear to come 
from a different radial distribution of the bright giant stars (mostly 
AGB) . Comparison among different groups of stars (e.g. RG, AGB and 
HB) in globular clusters (with or without color gradients) may answer 
the question of whether there is an excess of giant branch stars in 
the central regions. C-M diagrams provide the most reliable method for 
checking these differences, but are impossible to obtain in the central 
regions of concentrated clusters. Star counts from short exposure 
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plates provide a method for searching for radial distribution differences. 
To do this it is necessary to resolve the central regions of clusters 
down to at least the level of the HB. 
The correlation between the integrated radial color gradients 
and relaxation time leads us to suggest a "diffusion effect" rather 
than " mass segregation effect" for the origin of the inhomogeneity in 
globular cluster - that is, initial large scale inhomogeneities in 
clusters may take many relaxation times to diffuse away, so that clusters 
with the largest relaxation time could retain some evidence of these 
large scale features . However it is not clear whether this inhomogeneity 
comes from a gradient of angular momentum or of primordial abundance 
within these clusters . The answer may come from spectroscopic work. 
It is desirable to measure the abundances of individual stars of certain 
groups of stars (e.g. RGB, AGB, HB and RR Lyrae) as a function of 
radial distance in a cluster. 
The sampling errors for the integrated colors are the major 
problem in establishing the radial color gradients in clusters. 
According to King ' s (1966£) estimate the integrated color variations 
could be due to sampling errors. However, spot measurements of 47 Tuc 
and the external sampling errors for 16 cluste rs from the concentric 
aperture measurements show that these theoretical e rrors may be too 
large by a factor of - 2, at least in the central regions. In future 
investigations of the integrated radial color gradients in clusters 
it would be desirable to use spot measurements to estimate the 
sampling errors. 
The dynamical masses of the young and old globular clusters in 
Magellanic Clouds are comparable with those in the Galaxy. The main 
features of this investigation are (i) the surface brightness of the 
young and old clusters in Magellanic Clouds gives a good fit to 
4 King's (1966~) dynamical models and their masses are 1 - 15.10 M , 
o 
(ii) the mass to light ratio M/Lv is 0.08 for young clusters, while 
0.3 - 1.0 for old clusters. These results show that the clusters in 
the Magellanic Clouds have a similar dynamical structure to the 
globular clusters in the Galaxy, even though some of them are very 
much younger (younger even than their relaxation time). It would be 
most desirable to observe the integrated radial colors as well as star 
counts for these young blue globular clusters, because their dynamical 
states will still resemble those of their formation phases. 
As the globular clusters are the oldest objects, their careful 
study may lead to an understanding of inhomogeneities in elliptical 
galaxies. Even though there are large differences between these two 
types of object, the similarities mentioned in Chapter 1 may make it 
possible to apply the results of clusters to elliptical galaxies. 
This suggests that much of the effort now going into understanding 
color gradients (and the associated line strength gradients) in 
galaxies might be better spent in trying to understand these features 
in globular clusters, where we can at least study individual stars. 
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